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This paper proposes a new mathematical fracture model (FM) applicable to a biaxial reinforced compos-
ite material. The mathematical model provides predictions about the limit state of composite material. It
is applicable both in uniaxial and biaxial requests. The mathematical model is validated by comparing its
predictions with the experimental data obtained by authors. The studied composite material is composed
by carbon fibre in epoxy matrix. The process used for obtaining the composite materials plates is vacuum
forming.
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1. Introduction

Composite materials have successfully entered our everyday life
after a stage in the fields of high technology. The continuous devel-
opment of composites, especially during the last three decades, has
led to investigations aiming to reveal both the properties and
shortcomings of these materials. Currently, the fibre-reinforced
polymer (FRP) are of a great scientific and technical interest. This
fact justifies the research in their field as well as the development
and expansion of the production of such materials. The strength
calculus of composite structures faces several difficulties, particu-
larly in terms of evaluating the limit states [1–6]. Different
researchers developed analytical and numerical methods to predict
the damage of FRP.

Espinoza et al. [7], Maa and Chang [8], Williams and Vaziri
[9], Tang et al. [10], Zhu and Sun [11], Zhu and Cescotto [12],
Matzenmiller et al. [13], Hassan and Batra [14] published differ-
ent studies on predicting the damage initiation at the point
when the state of stress or deformation lead to composite fail-
ure. Over the last decades various FM applicable to the compos-
ite materials have been proposed. In this context, the most
important results have been reported by Fan [3], Wu [15], Tsai
and Hahn [16], Rowlands [17], Vicario and Toland [18], Annin
and Baev [19], Tennyson et al. [20] and Sabău et al. [21].

Barbero and Cortes [22] developed a constitutive model which
predicts the stiffness reduction due to transverse matrix cracking
for a lamina with arbitrary orientation. The moduli of the damaged
ll rights reserved.
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mes).
laminate are a function of the crack densities in the damaged lam-
ina analysed one by one.

Lopez et al. [23] studied independently three different failure
criteria: maximum stress, Tsai–Wu and the Puck failure criterion
(PFC). Emphasis is given to the PFC as it appears to agree better with
practical observations. The design variables are the ply orientations,
the number of layers and the layer material, the optimisation prob-
lem is solved by a genetic algorithm. In this work the authors pro-
posed a different failure criterion for the optimisation of FRP.

Icardi and Ferrero [24] developed a multi-layered zig-zag shell
model. Their model represents a shell extension of a former zig-
zag plate model published by the authors, but it also extends the
idea of hierarchical multi-layered finite elements, the hierarchical
representation being incorporated directly into the displacement
model, instead of being incorporated in the shape functions.

Fahmy and Wu [25] proposed based on a statistical analysis a
stress–strain model for FRP. This paper carried out a comprehen-
sive comparison among five models [26–31] in order to check their
validity and accuracy for general application.

Bizeul et al. [32] have developed a finite element (FE) model to
enhance the understanding of fatigue propagation of a through-
the-thickness crack in woven glass laminates. The proposed FE
model follows the own natural discretisation of the fabric. The
authors validated this FE with experimental data.

This paper presents a phenomenological FM applicable to the
composites reinforced with balanced bi-directional fibres. The the-
oretical predictions are compared with the experimental results
obtained on plate specimens. The purpose of this theoretical model
consists in providing accurate data referring to the limit state of
the FRP by using a small number of mechanical parameters.

http://dx.doi.org/10.1016/j.compositesb.2012.01.073
mailto:ovidiu.nemes@sim.utcluj.ro
http://dx.doi.org/10.1016/j.compositesb.2012.01.073
http://www.sciencedirect.com/science/journal/13598368
http://www.elsevier.com/locate/compositesb
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2. Methods

2.1. Model definition

The discussion in this paragraph will be focused on presenting a
FM applicable to bi-directional FRP, model based on the consider-
ation that the fracture is mainly due to fibre–matrix separation.
Fig. 1 shows a composite plate with bi-directional fibres oriented
at a certain angle h 2 ½0�;180�Þ.

We build the fracture model using the following assumptions:
the plate as a whole remains in a state of tension throughout the
plane deformation; the model of plane stress state approximates
the phenomena that occur in the matrix, respectively in the fibres
taken individually; the plate in its whole has a linear-elastic behav-
iour of orthotropic type; the matrix and the fibres taken separately
have a linear elastic behaviour of isotropic type. For the develop-
ment of the fracture model two orthonormal bases were used:
ðe1; e2; e3Þ – the orthonormal basis associated to the plate as an
assembly (the versors e1 and e2 are parallel with the plate’s median
plan; the versor e3 is perpendicular to this plane); ðê1; ê2; ê3Þ – the
orthonormal basis that defines the plate’s elastic orthotropic axes
system (ê1 versor collinear with the fibres; ê2 versor perpendicular
with the fibres and parallel with the plate’s median plan; ê3 versor
perpendicular on the median plan). The relation between bases
versors ðê1; ê2; ê3; Þ and ðe1; e2; e3Þ corresponds to a rotation angle
h around e3:

ê1 ¼ e1 cos hþ e2 sin h; ê2 ¼ �e1 sin hþ e2 cos h; ê3 ¼ e3 ð1Þ

Let r and e be the stress tensors, respectively deformation, both
defined by homogenisation of the plate representative volume. The
representative volume means a small section of material, which
includes a sufficient proportion of fibres and matrix. All sizes in
this volume have a defining character for the composite behaviour
at the macroscopic level. We will note with rðf Þ and eðf Þ the stress
respectively deformation tensors associated with the fibres, and
with rðmÞ and e(m), similar measurements associated with the
matrix.

In all that follows only the Cartesian decomposition of the ten-
sors will be used. These will be explained using the global base
ðe1; e2; e3Þ, and the orthotropic base ðê1; ê2; ê3Þ. For example in case
of the tensors r and e, the resolutions are defined as

r ¼ rijei � ej ¼ r̂ijêi � êj; e ¼ eijei � ej ¼ êijêi � êj: ð2Þ

The symbols tensor components (^) are defined in relation with
the base ðê1; ê2; ê3Þ.

Assuming the plane stress state, the above measurements
enforce the following set of restrictions:

ri3 ¼ r3i ¼ 0; r̂i3 ¼ r̂3i ¼ 0; i ¼ 1;2;3 ð3Þ

ea3 ¼ e3a ¼ 0; êa3 ¼ ê3a ¼ 0; a ¼ 1;2 ð4Þ
Fig. 1. Composite plate with bi-directional fibres.
Given the above conditions, it is convenient grouping the stress
and strain planar components in column vectors:

frg ¼ ½r11;r22;r12 ¼ r21�T ; fr̂g ¼ ½r̂11; r̂22; r̂12 ¼ r̂21�T ð5Þ
feg ¼ ½e11; e22; e12 þ e21�T ; fêg ¼ ½ê11; ê22; ê12 þ ê21�T ð6Þ

The FM assumes that both the plate in its whole and in its ele-
ments (fibres and matrix) has a linear elastic behaviour described
by the constitutive laws [1, 2, 4, 5, and 6]:

(a) For the plate:
fêg ¼ ½bS�fr̂g ð7Þ

where the compliance matrix ½bS�3�3 if function of longitudinal
elastic moduli E, Poisson’s coefficient m, transverse elastic
modulus G. All these quantities are constants for balanced
biaxial fibre reinforced composite material, having co-linear
orientations with ê1 and ê2 versors (Fig. 1). The constitutive
equation [5] can be reversed, thus obtaining the relationship:
fr̂g ¼ ½bQ �fêg ð8Þ

Whose the stiffness matrix ½ bQ �3�3 is function of E, v and G:2 3

½bQ � ¼

E
1�m2

mE
1�m2 0

mE
1�m2

E
1�m2 0

0 0 G

64 75 ð9Þ
(b) For fibres:
fr̂ðf Þg ¼ ½bQ ðf Þ�fêðf Þg ð10Þ
where the stiffness matrix ½bQ ðf Þ�3�3 is:
2 3

½bQ ðf Þ� ¼

Eðf Þ

1�½mðf Þ �2
mðf ÞEðf Þ

1�½mðf Þ �2
0

mðf ÞEðf Þ

1�½mðf Þ �2
Eðf Þ

1�½mðf Þ �2
0

0 0 Eðf Þ

2½1þmðf Þ �

66664
77775 ð11Þ
In relation (11) are involved the longitudinal elastic modulus

E(f), Poisson’s coefficient mðf Þ, both quantities being fibre char-
acteristics, whose behaviour is considered isotropic.
(b) For the matrix:
fr̂ðmÞg ¼ ½bQ ðmÞ�fêðmÞg ð12Þ

where the stiffness matrix ½bQ ðmÞ�3�3 is:

ðmÞ ðmÞ2 3
½bQ ðmÞ� ¼
E

1�½mðmÞ �2
mðmÞE

1�½mðmÞ �2
0

mðmÞEðmÞ

1�½mðmÞ �2
EðmÞ

1�½mðmÞ �2
0

0 0 EðmÞ

2½1þmðmÞ �

6666664
7777775 ð13Þ
In relation (13) are involved longitudinal elastic modulus E(m),
Poisson’s coefficient mðmÞ, both quantities being matrix characteris-
tics whose behaviours is considered isotropic.

While the composite maintains its cohesion, we admit that the
deformations of the fibres and matrix are equal to the deforma-
tions of the composite in its whole:

fêg ¼ fêðf Þg ¼ fêðmÞg ð14Þ

Considering the constitutive laws, aforementioned, we can
write the following relations:

fr̂ðf Þg ¼ ½bT ðf Þ�fr̂g; fr̂ðmÞg ¼ ½bT ðmÞ�fr̂g ð15Þ

where ½bT ðf Þ� and ½bT ðmÞ� are stress transfer matrixes from the compos-
ite plate to fibres, respectively to the matrix:
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½bT ðf Þ� ¼ ½bQ ðf Þ�½bS�; ½bT ðmÞ� ¼ ½bQ ðmÞ�½bS� ð16Þ

Define the tensor-difference:

fr̂ðf�mÞg ¼ fr̂ðf Þg � fr̂ðmÞg ð17Þ

With Eqs. (15) and (17), its expression becomes:

fr̂ðf�mÞg ¼ ð½bT ðf Þ� � ½bT ðmÞ�Þfr̂g ¼ ð½bT ðf Þ� � ½bT ðmÞ�Þ½ bQ �fêg
¼ ½bQ ðf�mÞ�fêg ð18Þ

where

½bQ ðf�mÞ� ¼ ½bQ ðf Þ� � ½bQ ðmÞ� ð19Þ

½bT ðf�mÞ� ¼ ½bT ðf Þ� � ½bT ðmÞ� ¼ ½bQ ðf�mÞ�½bS� ð20Þ

The FM proposed in this paper assumes that the fibre–matrix
interface has a limited ability to transfer the stress difference
between the two constituents of the composite. This cohesion con-
dition is defined as:

fr̂ðf�mÞgT ½ bM ðf�mÞ�fr̂ðf�mÞg < 1; ð21Þ

where ½ bM ðf�mÞ�3�3 is a symmetric matrix with the following
expression:

½ bM ðf�mÞ� ¼
f g 0
g h 0
0 0 2‘

264
375 ð22Þ

The coefficients f, g, h, ‘ are material constants of fibre–matrix
interface. The composite material cohesion loss occurs when the
inequality (21) turns into equality:

fr̂ðf�mÞgT ½ bM ðf�mÞ�fr̂ðf�mÞg ¼ 1 ð23Þ

The above FM can be reformulated in terms of the global vari-
ables associated with the composite as a whole:

– The strain model expression:

fêgTf bQ ðf�mÞg½ bM ðf�mÞ�½ bQ ðf�mÞ�fêg �
< 1� cohesion state
¼ 1� fracture state

�
ð24Þ

– The stress model expression:

fr̂gT ½bT ðf�mÞ�T ½ bM ðf�mÞ�½bT ðf�mÞ�fr̂g �
< 1� cohesion state
¼ 1� fracture state

�
ð25Þ

In order to facilitate the mathematical operations performed on
the model it is convenient to introduce the notation:

½bN ðf�mÞ� ¼ ½bT ðf�mÞ�T ½ bM ðf�mÞ�½bT ðf�mÞ� ð26Þ

where

½bN ðf�mÞ� ¼

bN ðf�mÞ
11

bN ðf�mÞ
12 0bN ðf�mÞ

21
bN ðf�mÞ

22 0

0 0 bN ðf�mÞ
33

2664
3775 ð27Þ

Is a symmetric matrix whose non-zero components have the
following expressions (see Eq. (22)):

bN ðf�mÞ
11 ¼ ½bT ðf�mÞ

11 �2f þ2bT ðf�mÞ
11

bT ðf�mÞ
21 gþ½bT ðf�mÞ

21 �2hbN ðf�mÞ
12 ¼ bT ðf�mÞ

11
bT ðf�mÞ

12 f þ½bT ðf�mÞ
11

bT ðf�mÞ
22 þ bT ðf�mÞ

12
bT ðf�mÞ

21 �gþ bT ðf�mÞ
21

bT ðf�mÞ
22 hbN ðf�mÞ

21 ¼ bN ðf�mÞ
12bN ðf�mÞ

22 ¼ ½bT ðf�mÞ
12 �2f þ2bT ðf�mÞ

12
bT ðf�mÞ

22 gþ½bT ðf�mÞ
22 �2h¼ cr bN ðf�mÞ

33 ¼2½bT ðf�mÞ
33 �2‘

ð28Þ

Using the fracture state Eqs. (25) and (26) the fracture condition
can be written as follows:

fr̂gT ½bN ðf�mÞ�fr̂g ¼ 1 ð29Þ
2.2. Model identification

The identification procedure described below uses as input the
results of simple tensile tests performed along the fibre direction,
respectively a direction equally inclined to both sets of fibres
[33]. Let us consider the general case of a uniaxial tensile test pre-
formed at a certain angle a 2 ½0�;90�� to the direction of fibres. If
we note with r̂ðu;crÞ

a the critical level of the axial tension of the com-
posite, the following relation can be written:

fr̂g ¼ r̂ðu;crÞ
a fV ðuÞa g ð30Þ

where fV ðuÞa g ¼ ½cos2 a; sin2 a; sin a cosa�T is a column vector projec-
tion. In this case, the fracture condition, Eq. (29), becomes:

fV ðuÞa g
T ½bN ðf�mÞ�fV ðuÞa g ¼

1

r̂ðu;crÞ
a

" #2

ð31Þ

Due to the fibres symmetry (see Fig. 1), Eq. (31) must be invari-
ant to the rotation by 90�. To study the influence of this property,
we consider the case of uniaxial tensile stresses to the directions ê1,
respectively ê2.

2.2.1. Uniaxial tensile stress on direction ê1

On direction ê1 we have:

r̂11 > 0; r̂22 ¼ 0; r̂12 ¼ r̂21 ¼ 0 ð32Þ

In this case, a ¼ 0�; and Eq. (31) becomes:

r̂2
11
bN ðf�mÞ

11 ¼ 1 ð33Þ

It follows from Eq. (33) the critical stress tension level whereat
fracture occurs in case of stress tensile test along ê1 direction:

r̂u;cr
11 ¼

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffibN ðf�mÞ
11

q ð34Þ
2.2.2. Uniaxial tensile stress on direction ê2

On direction ê2 we have:

r̂11 ¼ 0; r̂22 > 0; r̂12 ¼ r̂21 ¼ 0 ð35Þ

In this case, a ¼ 90�, and relation (31) becomes:

r̂2
22
bN ðf�mÞ

22 ¼ 1 ð36Þ

It follows from Eq. (36) that the critical stress tension level where-
at fracture occurs in case of stress tensile test along ê1 direction.

r̂u;cr
22 ¼

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffibN ðf�mÞ
22

q ð37Þ

If the fibres are identical in terms of properties, the equality
compliances:

r̂u;cr
11 ¼ r̂u;cr

22 ð38Þ

Or, if attends to the relations (34) and (37),bN ðf�mÞ
11 ¼ bN ðf�mÞ

22 ð39Þ

With Eq. (28), Eq. (39) can be written as:

½bT ðf�mÞ
11 �2f þ 2bT ðf�mÞ

11
bT ðf�mÞ

21 g þ ½bT ðf�mÞ
21 �2h

¼ ½bT ðf�mÞ
12 �2f þ 2bT ðf�mÞ

12
bT ðf�mÞ

22 g þ ½bT ðf�mÞ
22 �2h ð40Þ

From Eqs. (11), (17), (19), and (20) one obtains by direct
calculation:

bT ðf�mÞ
11 ¼ bT ðf�mÞ

22 ¼ 1
E

Eðf Þ½1� mmðf Þ�
1� ½mðf Þ�2

� EðmÞ½1� mmðmÞ�
1� ½mðmÞ�2

( )
ð41Þ



Fig. 2. The plates forming by vacuum system.

Table 1
Characteristics of composite plates.

Test
specimens

Weight of
reinforcement (g)

Weight of composite
plate (g)

Reinforcement
degree (%)

Density (kg/
m3)

Layer thickness
(mm)

Number of
layers

Plate thickness
(mm)

P1–P5 37.5 51 72 1087.97 0.3 3 0.7

Fig. 3. Specimens after testing.

Fig. 4. Tensile testing device.
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If making use of Eq. (41) and matrix symmetry ½bN ðf�mÞ�, from
Eq. (40) results that, to satisfy the Eq. (39) is necessary and suffi-
cient the f and h: material constants equality

f ¼ h ð42Þ

These conditions the four material constants of the FM, can be
determined only three.

Experimental data show that the fracture surfaces of the plates
with bidirectional fibres oriented at 90� are ellipsoidal approxi-
mately in the stress area, the ellipsoid axes are parallel to fibres
(the composite’s orthotropic axes). The matrix ½bN ðf�mÞ� can describe
such a mechanical response, only if:

bN ðf�mÞ
12 ¼ bN ðf�mÞ

21 ¼ 0 ð43Þ

With the Eqs. (28) and (42), Eq. (43) becomes:

2bT ðf�mÞ
11

bT ðf�mÞ
12 f þ f½bT ðf�mÞ

11 �2 þ ½bT ðf�mÞ
12 �2gg ¼ 0 ð44Þ

From Eq. (44) the material constant g is:

g ¼ � 2bT ðf�mÞ
11

bT ðf�mÞ
12

½bT ðf�mÞ
11 �2 þ ½bT ðf�mÞ

12 �2
f ð45Þ

The above two constraints, the number of material constants
still to be determined from the results of the experiments was
reduced to only two. These experiments will consist in tensile tests
on two directions in relation to the fibres. In the present study the
following cases were considered:

� Uniaxial tensile direction collinear with the set of fibres versor
ê1ða ¼ 0�Þ. In this case, the criterion of fracture, Eq. (31), can
be written:
½bT ðf�mÞ
11 �2 þ ½bT ðf�mÞ

12 �2
n o

f þ 2bT ðf�mÞ
11

bT ðf�mÞ
12 g ¼ 1

rðu;crÞ
0�

" #2

ð46Þ

� Uniaxial tensile direction along a direction equally inclined to

the two sets of fibre ða ¼ 45�Þ. In this case, the criterion of frac-
ture, Eq. (31), is:



Fig. 5. Stress–strain diagrams. P11, P12, P13, P14, P15 – tensile test specimens from plate P1.

Table 2
Mechanical properties of composite plates.

Specimen
notation

Sectional dimensions of
the specimen

Specimen section
(mm2)

Maximum elongation
(mm)

Maximum Strength
(kN)

Fracture strength
(MPa)

Average fracture strength
(MPa)

Width
(mm)

Thickness
(mm)

P1 20 0.7 14 3 4405 314.64 333.54
3.6 4394 311.71
3.6 4388 313.42
3.2 4738 338.42
2.9 5423 387.35

P2 20 0.7 14 8.9 0736 52.57 60.338
10.8 0856 61.14
12.2 865 61.78
11 894 63.85
10.2 873 62.35

P3 20 0.7 14 5.1 1125 80.35 81.945
6.9 1227 87.64
5.5 1121 80.07
8.6 1141 81.5
5.8 1123 80.21

P4 20 0.7 14 8.2 1329 94.92 91.83
7 1352 96.57
7.3 1268 90.57
6.1 1229 87.78
5.2 1251 89.35

Table 3
Characteristics of elasticity of the composite, and its constituents [5,33].

Elasticity characteristics
Composite E = 70,000 MPa m = 0.32 G = 5500 MPa
Carbon fibre E(f) = 234,000 MPa m(f) = 0.26 –
Epoxy resin E(m) = 3400 MPa m(m) = 0.35 –

P. Bere et al. / Composites: Part B 43 (2012) 2237–2243 2241
2½bT ðf�mÞ
33 �2‘ ¼ 2

rðu;crÞ
45�

" #2

� 2
1

rðu;crÞ
0�

" #2

ð47Þ

From Eq. (47) follows immediately the ‘ constant:

‘ ¼ 1

½bT ðf�mÞ
33 �2

2

½rðu;crÞ
45� �

2 �
1

½rðu;crÞ
0� �

2

( )
ð48Þ

By replacing the constant g, Eq. (45), in Eq. (46) we obtain an
equation in the unknown f = h, whose solution is:

f ¼ h ¼ ½bT ðf�mÞ
11 �2 þ ½bT ðf�mÞ

12 �2

½bT ðf�mÞ
11 �2 � ½bT ðf�mÞ

12 �2
n o2

1

½rðu;crÞ
0� �

2 ð49Þ

Substituting f defined by Eq. (45) in Eq. (49) we obtain the con-
stant g:
g ¼ � 2bT ðf�mÞ
11

bT ðf�mÞ
12

½bT ðf�mÞ
11 �2 � ½bT ðf�mÞ

12 �2
n o2

1

½rðu;crÞ
0� �

2 ð50Þ

The necessary and sufficient condition for Eqs. (48)–(50) to be
valid, from mathematical point of view, is:

½bT ðf�mÞ
11 �2 � ½bT ðf�mÞ

12 �2
n obT ðf�mÞ

33 ¼ det½bT ðf�mÞ� – 0 ð51Þ



Fig. 6. Microstructure fracture area of carbon fibres/epoxy sample applied tensile.

Fig. 7. Fracture prediction model for tensile loads: (a) uniaxial case; (b) biaxial case.
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Basically, the above condition is met when:

½bQ ðf Þ� – ½bQ ðmÞ� ð52Þ

This is the normal situation for any composite materials.

3. Experimental data

The experimental research aimed at determining the strength
characteristics of composite plates. For the matrix was used an
epoxy resin, type Epiphen RE 4020/DE 4020. The mixing ratio parts
by weight were 100:30, according to the manufacturer recommen-
dations. The reinforcement material was a biaxial carbon fibre
fabric (plain weave fabric 3 K, 200 g/m2). The technology to obtain
the plates was vacuum forming (Fig. 2).For each plate were used
three fabric overlapping layers. The angle of the filaments was the
same between layers. Marked as P1–P5, we made test specimens
with different orientations for the reinforcement material relative
to the direction of maximum strength. In the case of the used fabric,
50% of filaments (warp-fabric) are parallel with the longitudinal
direction, which is 0�, next 50% oriented along the transverse direc-
tion, which is 90� (woof fibre). Depending on the orientation of the
reinforcement material, it was noted with: P1 the plate where the
warp fabric is applied to 0�, P2 at 45�, P3 at 55�, P4 at 65�, respec-
tively P5 at 90�. The characteristics of the plates are presented in
Table 1.Five specimens (Fig. 3) were made from each plate and sub-
jected to uniaxial tensile tests on anINSTRON 8862 testing machine
(Fig. 4). The samples dimensions were compliant standards EN ISO
527-4 and ISO 527-5 [34,35]. The ends of the specimens were rein-
forced with a 2 mm thick, 20 � 35 mm glass fabric TAB in order to
avoid the slippage and breakage of specimens at clamping. The
TABs were fixed on the specimens with a structural adhesive (3M
Scotch-Weld� 9323 B/A). The resistive force recorded during the
tensile test was divided by the cross-sectional area of the specimen
in order to determine the tensile stress (Fig. 5):
rr ¼ Fmax=A ð53Þ

For plate P5, due to the reinforced material architecture, were
obtained the same results as in the plate P1. The measured order
of the fracture resistance shown in Table 3 is explained by the
relatively small number of layers of reinforcing material (only
three layers, in this case).These experimental results were used
to validate the fracture model. The experimental data have been
processed and placed in Table 2.

The analysis of microstructure fracture area from fibres carbon/
epoxy sample reveals monofilament carbon fibre simultaneously
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grouped and broken (Fig. 6). No individual monofilaments are ob-
served, the tensile loads being supported by groups of filaments
that have acted together. It appears a good impregnating matrix
and a good compatibility between filaments and matrix.

4. Results and discussion

The identification of the FM has been made using the results of
two uniaxial tensile test, performed on the set direction of fibres
collinear with the versor ê1ða ¼ 0�Þ, respectively on a direction
equally inclined to both sets of fibres ða ¼ 45�Þ: rr,0� = 333,54 MPa,
rr,45� = 60,285 MPa (Table. 2). The model also requires specifying
the characteristics of elasticity and the overall composite respec-
tively of its constituents. Table 3 presents the values of these con-
stants appropriate materials used in the experiments. The elastic
characteristics were taken from literature [4,10].

The FM provide predictions on the limit states of the composite,
both in the case of uniaxial and biaxial loads. On the diagram, shown
in Fig. 7, the fracture stresses are represented by points. There was
determined by tensile tests in various directions in relation to fibre
orientation. We observe a very good agreement between the model
predictions and the experimental data. In general, the deviations
from the theory of tensile test results are below 10%.

5. Conclusions

This paper presents a new mathematical formulation of a FM
composite bi-axially balanced reinforced fabric. The model is a
phenomenological interpretation, having as basis the assumption
that the fibre–matrix interface has a limited capacity to carry the
tension difference between the two constituents of the composite.

The identification procedure operates with mechanical
strengths determined by only two sets of uniaxial tensile tests.
The FM has been tested experimentally on the case of a composite
carbon/epoxy. Comparing its predictions with the experimental
data of tensile tests, performed on different directions in relation
to fibre orientation showed errors less than 10%.

The mathematical formulation of the FM can be generalised in
the case unbalanced bidirectional reinforcement. In this case invari-
ance condition is deleted from the rotation with 90� of uniaxial re-
quest and the identification procedure will work with mechanical
strengths obtained by three sets of tensile tests. The proposed FM
can be used as a design tool in order to perform an optimal adapta-
tion of a composite structure to the loading conditions.
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