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ABSTRACT

This work proposes a calibration procedure to obtain the material parameters required by the
Serial/Parallel Mixing Theory for the analysis of composites. A set of experimental tests are defined
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to obtain the main composite failure modes. Then, it is proposed to calculate the parameters

required by the formulation using the experimental results. The procedure proposed is validated
by comparing the numerical results, with those obtained from the experimental campaign. This
comparison shows that the Serial/Parallel mixing theory is capable of representing the failure
modes of the composite for different loading scenarios as well as the material toughness.

1. Introduction

Nowadays, the use of composite materials is extended to many
engineering fields such as aeronautical, civil, naval, automotive,
oil and gas and the energy industry. Consequently, a lot of
research has been conducted to obtain new and better compo-
sites, improving the manufacturing processes or completing
extensive test campaigns. This effort has contributed to build-
ing extensive databases of the properties and performance of
composite materials, related to their static and fatigue behavior
as well as their failure modes. Examples are the experimental
campaigns conducted in the 90s for testing materials used in
the wind turbine industry [1].

From the point of view of the design process, structural
engineers are required to predict the performance of composite
structures. Therefore, they need tools to help them to design
reliable, safe and optimized solutions. One of these tools are
numerical models, which are able to predict the mechanical
behavior of composite materials, including their complex fail-
ure modes, such as delamination, fiber breakage or matrix
cracking. However, the numerical models only by themselves
are useless if the material properties are not well defined and
obtained. As a consequence, they require a standardized cali-
bration process. Composite laminates have different failure
modes, which can interact between them, making their failure
prediction difficult to capture. One of the reasons that explains
their complex behavior is the microstructure of composites, i.e.,
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laminates are made of stacked plies, with different orientations
and each ply consists of two different materials which are
embedded together. Hence, the interaction between the differ-
ent plies, the individual behavior of each constituent material,
and the interaction between the reinforcement and the matrix
will govern the global performance of the whole composite.
Considering these factors, a first approach to classify the failure
modes of laminates can be performed.

The first failure group is defined by the interaction
between different plies, and leads to one of most well-known
failure modes of laminates, delamination. Delamination con-
sists of a flat crack separating two adjacent plies, which pre-
vents the transfer of shear load between the two plies. This
failure usually appears due to poor interlayer bonding or
interlayer strength [2, 3], due to an excessive shear stress in
the laminate [4] or as a consequence of transverse cracks in
the matrix that lead to delamination [5-7]. Finally, delamin-
ation causes a decrease of the laminate stiffness and a loss
of effective strength in the material [3, 8, 9].

Another failure group can be defined by the failure of the
constituent materials, which are the fiber and the matrix.
Among these, the two most frequent failures are fiber break-
age and matrix cracking. Many authors have observed fiber
breakage as a failure mechanism in laminates loaded parallel
to the fibers, such as Rosen et al. [10], Sanders et al. [11]
and Daniel et al. [12]. Fiber breakage is related to the ultim-
ate strength of the fibers, which are the load-bearing
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element of the laminate, leading to catastrophic failure of
the laminate. This type of failure is observed in laminates in
which at least one of the plies is loaded parallel to their fiber
direction. Another failure mechanism is fiber buckling,
which basically involves a lower compressive strength of the
laminate compared to the tensile strength for those lami-
nates loaded parallel to the fiber direction. This failure
mode suggests that under bending loads, the first fibers that
break are those under compressive stresses [13, 14]. Matrix
cracking is related to matrix strength and can appear inde-
pendently of the ply orientation, in the form of transverse
cracks or cracks parallel to the fiber direction [15-17].
These cracks are usually the first sign of damage in the
laminate [18], although it does not mean an imminent col-
lapse of the structure. However, they can cause a reduction
of laminate stiffness and can prompt other failure modes,
such as delamination.

Finally, a new failure group can be defined which corre-
sponds to the interface between the fiber and the matrix.
The failure of this interface leads to a situation in which the
loads are not transferred between constituent materials.
Different performance can be observed depending on the
strength of the interface [19]. If the interface bonding is
weak, matrix cracks will grow easily and fiber pull-out will
occur quite easily. On the other hand, a strong bond will
delay the appearance of matrix cracks and lead to cata-
strophic failure caused by fiber fracture.

Throughout the history of composites, different models
have been developed to predict their mechanical perform-
ance. A first approach consists of analyzing the composite at
laminate level, e.g., Classical Laminate Theory (CLT), which
assumes that the deformation of the lamina can be obtained
from the deformation of its mid-plane and its curvature,
without variations in its thickness direction [20]. This
method is able to predict displacements, strains and stresses,
assuming thin laminates and elastic materials. The main
advantage of the model is simplicity, it can account for the
anisotropic properties of the laminate, and it can be coupled
with different failure criteria. These failure criteria are based
on relations between several parameters at a ply level, such
as strains or stresses. Among the most well-known failure
criteria are maximum stress/strain criteria and quadratic
Tsai-Hill and Tsai-Wu. A review of these theories can be
found in the literature [21]. The recent research on the
development of failure criteria leads to the improvement of
the traditional methods and to evaluate them for new mater-
ial systems. For instance, Gu et al. [22] applied some modi-
fications to Hashin’s failure criteria for UD composite
materials, who modified tensile fiber mode and tensile
matrix mode, based on physical considerations. Chen et al.
[23] focused on establishing a unified theory of yield and
failure criteria to predict the inter-fiber failure, considering
the effect of normal stress on the shear strength by intro-
ducing a coupling term. Koh et al. [24] analyzed four com-
mon failure criteria, in order to understand how well they
predict strength in multidirectional flax fiber composite lam-
inates. Although many failure criteria can take into account
some interaction between different failure mechanisms, e.g.,

Tsai-Hill and Tsai-Wu, they have several drawbacks. The
most relevant drawbacks are that some of the strength val-
ues required by the model need to be adjusted for a specific
ply thickness and/or composite configuration. In addition,
there is no information about the damage progression in the
laminate. Therefore, for composite structures, the use of a fail-
ure criterion is not always enough to obtain the failure mech-
anism and the final collapse load of the structure. This is the
main reason why other approaches have been developed.
Instead of defining a failure threshold, it is possible to
use non-linear constitutive models based on thermodynamic
principles, to obtain the performance of the composite. For
example, Maimi et al. [25, 26] proposed a continuum
mechanics model to account for different lamina failure
modes, which is based on the LARC models previously
developed by Camanho, Davila and other authors [27, 28].
In addition, a fracture mechanics approach is used in order
to follow the evolution of several failure modes in compo-
sites, such as delamination or crack densities [29]. Ladeveze
et al. [30], proposed to model a single layer and interface as
two meso-constituents and assumed that the fracture of the
material is only described by means of delamination and
through-thickness cracks. Matzenmiller et al [31] intro-
duced internal variables to describe the evolution of the
damage state, using a thermodynamic approach. Williams
et al. [32] used plane-stress continuum damage mechanics
to predict impact damage growth. Barbero et al. [33, 34]
presented a model based on a combination of two constitu-
ent-level models and an interphase model, decomposing the
state variables by micromechanics. The research line is still
open and prove of it are the work done by several recent
authors. Such as Skovsgaard et al. [35, 36], who proposed a
three-dimensional constitutive model able to predict strain
localization of composites, including kink band formation,
The model is based on constitutive relations for the constit-
uents and is formulated using nominal stress rates and vel-
ocity gradients, which implies that can be used in finite
strain regime. O’Shea et al. [37] used a strain energy func-
tion capable of modeling compressible orthotropic materials
under large deformations. O’Shea validated the formulation
through analysis of single family fiber-reinforced composites
and biological tissues under large tensile and shear deforma-
tions. Staber et al. [38] also developed a hyper-elastic model
for composites but using a stochastic approach. Staber used
a two-steps approach for the calibration strategy, where on
the first one the linearized model is considered in order to
obtain the mean values. In the second step, the principal
component analysis is combined with the maximum method
to estimate the dispersion parameter and the correlation
lengths. A different approach is based on obtaining the com-
posite performance by means of its constituent materials.
This approach has the advantage of taking into account dif-
ferent phenomena related to constituent materials and
obtaining a more realistic outcome, given that composites
are heterogeneous materials. Following this approach, there
are two models that are worthy of mention: numerical
multi-scale models and the use of the Rule of Mixtures as a



constitutive Both are described in
the following.

Multi-scales models define a two-scale context: global
scale and micro-scale. The global scale, or macroscale, solves
the global response of the composite structure, considering
the composite as a homogenous material. The micro-scale is
solved on a Representative Volume Element (RVE) which is
defined to characterize the internal micro-structure of the
composite. The main advantage of this approach is that it
takes into account all micro-structural phenomena and
material interactions that occur in the composite, for
instance fiber-matrix debonding, fiber buckling, fiber kink-
band formation, matrix degradation, thermal effects, and
performance of woven-type composites, among others.
Nevertheless, multi-scale models are extremely costly in
terms of computational time and memory, making the study
of complex composite structures almost unaffordable. The
use of multi-scale procedures for the analysis of composite
materials is found in the work of Otero et al. [39] who pre-
sented a two-scale homogenization procedure to analyze
three dimension composite structures. Chen et al. [40] pro-
posed a viscoelastic model for fiber-reinforced composites
undergoing finite deformations, in a homogenization frame-
work. Representative volume element (RVE) models for unit
cells of the composite were used to perform numerical simu-
lations based on the proposed constitutive model. Liu et al.
[41] used the mechanics of structure genome (MSG) as a
multi-scale and multi-physics approach for constitutive
modeling of composite structures, with the aim of capture
the pointwise temperature load on weave laminates. As has
been previously stated, and it is proved in [42]), one of the
main drawbacks of multi-scale procedures is their computa-
tional cost. For this reason, several efforts have been made
to reduce the computational requirements of these analysis,
especially when the material becomes non-linear. With this
purpose, Otero et al. [43] developed a non-linear strategy to
minimize the times in which the RVE has to be analyzed,
and Zaghi et al. [44] proposed the construction of a discrete
constitutive law based on an off-line analysis of the RVE.

The Classical Rule of Mixtures (RoM) was initially pro-
posed by Trusdin and Toupin [45]. It obtains the composite
performance by the sum of the contributions of each con-
stituent material, proportionally to their volumetric partici-
pation. Car et al. [46, 47] used the classic RoM of Trusdell
and Toupin and applied a thermodynamic approach, treat-
ing the classical RoM as a constitutive law manager, and
hence taking into account the non-linear performance of the
composite by means of the non-linear behavior of the con-
stituent materials. Later, Rastellini et al. [48] obtained a
more realistic formulation, named Serial/Parallel Mixing
Theory (S/P RoM). The main advantages of S/P RoM are
that the model takes into account the anisotropic behavior
of laminates, and therefore materials can be simulated with
any constitutive equation and many failure modes of the
composite can be predicted. The formulation is designed to
take into account the anisotropy of laminates, independently
of the fiber volume content or fiber orientation. Hence,
once the fiber and matrix characterization is made, the
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formulation can obtain the non-linear performance of any
composite material, regarding its loading direction, stacking
sequence or fiber content, which reduces the number of tests
to be done to obtain the laminate mechanical properties.
The validity of the S/P RoM to accurately characterize dif-
ferent composite failure modes has been already proved in
several publications. Initial analyses where focused in the
characterization of fiber and matrix failure [48]. Afterwards,
the formulation has been used to predict composite delam-
ination [49, 50], and delamination after impact [51], in [14]
the formulation is enhanced to simulate fiber buckling. And,
more recently, it has proved its capacity to predict the fail-
ure due to compression around composite holes [52].
Another feature of this formulation that gives a clear advan-
tage compared with multi-scale models is its computational
cost. S/P RoM solves the laminate and constituents equa-
tions at each Gauss point, and hence, solving a micro-model
is not required to obtain the non-linear performance. Given
the capability of S/P RoM to predict different failure modes
for composites by only analyzing the failure modes of their
components and its lower computational cost compared
with other models, the Serial/Parallel Mixing Theory
approach is the one followed and described in this work.

Any model developed to characterize any given material
performance requires some material parameters that must
be calibrated. In the case of composites, these parameters
are usually obtained from testing data, which can be con-
ducted at laminate, lamina or constituent levels. Some
authors such as Ribeiro et al. [53] and Barbero et al. [54,
55] have developed their own processes. On the one hand,
Ribeiro’s method consists of the definition of several lamin-
ate tests to obtain material properties for failure analysis,
such as fiber tensile/compressive strength, tensile and shear
modulus or damage variables related to the type of loading.
On the other hand, Barbero uses laminate strengths (i.e., an
experimental dataset of crack densities versus applied strain
or stress). It is also worth of remarking the work made by
Genovese et al. [56], who developed a characterization pro-
cedure for sandwich laminates to be used on railway indus-
try, taking into account the manufacturing process
parameters. And Bruno et al. [57] did a review of the cur-
rent optical methods used for obtain the mechanical charac-
terization of composite materials.

The formulation used in this work, serial/parallel mixing
theory, is not exonerated from requiring a similar process.
The material parameters required by this formulation are
those of the constituent materials. Therefore, the testing
campaign should focus on obtaining such data. However,
some information is difficult to obtain for the constituents
themselves; for example fiber compression strength, as the
material will buckle. Also, there are some material properties
that are modified when the material is used as a composite
constituent instead of as a bulk material, such as the effect
of matrix strength in the interface area with the fiber. As a
result, an adequate testing campaign to obtain the material
parameters required by the formulation should look at the
composite components, as well as the laminate itself.
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Compared to the works described previously in which
the Serial/Parallel mixing theory was used to predict a spe-
cific composite failure mode, this paper develops a method-
ology to obtain the material parameters required by the
serial/parallel mixing theory, so it can predict all common
failure modes of composites, using the same material cali-
bration in all numerical analyses. These material parameters
are obtained by means of an experimental campaign made
on unidirectional laminates. To calibrate the material mod-
els, the procedure assumes that the failure of a unidirec-
tional lamina loaded along the fiber direction is fiber-driven,
while the failure of a unidirectional lamina loaded transver-
sal to the fiber direction is assumed to be matrix-driven.
Furthermore, the document describes which tests should be
conducted and which material parameters are obtained from
each test in order to conduct the calibration process. The
described procedure, together with the formulation itself,
provides a detailed methodology for the characterization of
composite materials, which main advantage, compared to
other existing formulations, is that it does not require to
predefine the failure mode that it is expected in the compos-
ite, to predict it. Instead, the failure mode becomes part of
the result given by the numerical model, and this failure
mode only depends on the geometry and the loads applied
to the composite. The methodology described is expected to
become a guideline for future engineers that want to use S/P
RoM, in order to calibrate their models for the analysis of
composite structures.

In the following paragraphs, the serial-mixing theory is
presented, followed by the experimental campaign designed
to obtain the material data required by the formulation. The
procedure developed to obtain the material parameters from
the experimental data is then presented. Finally, several fail-
ure modes are simulated by the formulation and compared
with the experimental results. This is done for two different
composite systems, which validates the proposed method-
ology and formulation for obtaining the non-linear perform-
ance of composite laminates.

2. Formulation

In the present section, the numerical models that will be
used to simulate composites are presented. These are based
on the composite constituents. There are many models cap-
able of simulating the elastic and specific non-linear behav-
ior of composite laminates, as well as taking into account
their anisotropic behavior. However, they are not capable of
capturing different failure modes in a general way and of
obtaining this failure from the failure of the composite
constituents.

The formulation introduced in this work is based on the
Rule of Mixtures (RoM), which obtains the composite per-
formance by means of its constituent materials. The main
advantage of the RoM versus other formulations is that once
the properties of the fiber and matrix are defined, the com-
posite response can be obtained for any fiber volumetric
participation or the fiber orientation. Therefore, the

necessity to test the laminate if any of these parameters are
changed is suppressed.

The Rule of mixtures is based on the definition of a clos-
ing equation that relates the stresses and strains of the com-
posite components. Depending on the relations defined, it is
possible to define a direct and an inverse rule of mixtures.
Both of them were originally developed by Trusdell and
Toupin [45]. In order to take into account, the non-linear
behavior of the composite, Oller and Car [46, 47], reformu-
lated the classical models formulated by Trusdell and
Toupin to a mechanics of the continuum media approach.
Later, Rastellini [48] improved the work with the definition
of a serial-parallel rule of mixtures, which can apply the dir-
ect and inverse closing equations to different directions of
the strain and stress tensors.

2.1. Direct and inverse rule of mixtures

The direct rule of mixtures model is based on the follow-
ing hypothesis:

i. Each infinitesimal volume of the composite contains a
finite number of components.

ii. The contribution of each component to the composite
behavior is proportional to its volumetric participation.

iii. The volume of each component is significantly lower
than the volume of the composite.

iv.  An iso-strain condition for the composite and its con-
stituent materials is assumed in all the directions.
Next, the closing equations of the model for a composite
with 7 constituent materials on a tensorial notation are
described.
Iso-strain condition:

&n (1

Composite stress:
n
GCZZ(Vi'Ui) (2)
i=1
Assuming linear behavior of all component materials,
from Equation (2), it is possible to obtain the elastic
stiffness matrix of the composite:
n
‘Co=> (Vi-°Cy) (3)
i=1
A deeper understanding of these formulation can be
obtained in the literature [2].
In the case of the inverse rule of mixtures, the fourth
hypothesis is modified, imposing an iso-stress condi-
tion instead of an iso-strain condition. The new
hypothesis reads:
v. All constituents, as well as the composite, experience
the same stress (iso-stress condition).

And, therefore, the closing equations transform to Equations
(4) and (5):

O =01=""" =0y (4)



n

& = Z (Vi-&) (5)

i=1

The Elastic matrix of the composite is defined as follows:

et =3 vi[cl” (6)
i=1

2.2. Rule of mixtures as a constitutive law manager

In the work of Oller and Car [46, 47], the main ideas of the
direct RoM theory are introduced from a thermodynamic
point of view. By means of this approach, it is possible to
obtain the non-linear performance of the composite if its
constituents are characterized with non-linear models.

The second hypothesis (on which the mixing theory is
based) states that all components contribute to the composite
proportionally to their volumetric participation. Therefore, the
Helmoltz free energy of the composite, 1., can be obtained as
the sum of the free energy of each constituent material propor-
tional to their volumetric participation:

Velee 0,80 = D Vi i(en 0 B) )
i=1
From the expression of the Helmotz free energy, the

expression of the stress of the composite can be obtained as
follows:

n n
Uczg—fZZVi'aalilz; Vi-o; (8)

i=1 i=1
Although the equations to calculate the composite stress
in the direct rule of mixture formulation, Equations (2) and
(8) are the same, a big difference exists between them. Now,
the RoM takes the form of a constitutive law manager, and
hence, the non-linear behavior of the constituents can be
taken into account. The main advantage of this strategy is
that different constitutive laws can be used for the fiber and
matrix. For example, the user can define the fiber as an elas-
tic material while the matrix can be defined with an explicit
damage constitutive law, resulting in a non-linear behavior

of the composite.

2.3. Serial/parallel mixing theory (S/P RoM)

The S/P Mixing Theory defines two different directions in
the composite, giving a more realistic performance of the
laminate, capable of obtaining the anisotropic behavior of
the composite. The first direction is the parallel direction,
which is described along the fiber direction. The second dir-
ection is the serial direction, which encompasses all direc-
tions perpendicular and tangential to the fiber.

The formulation couples the main assumptions made by
the direct and the inverse rule of mixtures, considering an
iso-strain behavior in the parallel direction of the composite,
while an iso-stress performance is considered in the serial
direction of the composite.
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Figure 1. Flow chart of the S/P RoM algorithm.

The formulation is applied at a laminae level, allowing
the definition of laminates made of several plies with a spe-
cific stacking sequence. Between the different plies of the
laminate, an iso-strain condition is assumed.

The hypotheses on which this formulation is based are
the following:

i. Component materials are deformed with the same
strain in the fiber direction.

ii. Component materials are loaded with the same stress
in all other directions.

iii. Each component contribution to the global behavior of the
composite is proportional to its volumetric participation.

iv. The phases in the composite are considered homoge-
neously distributed.

v.  Perfect physical union between components is considered.

2.3.1. S/P RoM algorithm

The proposed algorithm is a general solver for composites
that uses the constitutive models of constituent materials as
black boxes. This procedure allows one to use already-devel-
oped constitutive models of materials in the code. The
method is defined as a strain-driven problem, because one
of the material strains will be the target variable to predict.
As it has been designed, the serial part of matrix strain
(Mes) is selected as the independent wvariable of the
Newton-Raphson scheme to be adopted for the algorithm.



6 . J. J. GRANADOS ET AL.

Once the serial matrix is predicted, the fiber and matrix
strains can be calculated by the independent variable and
their volumetric participation on the laminate. Hence, the
stress state of the constituent materials can be calculated by
their constitutive models. The disequilibrium in the serial
stresses between fiber and matrix (Aog = "os— o5) is taken
as the residue to be zeroed by iterative solutions. The initial
prediction provides the correct strain-stress tensors for lin-
ear materials. If one of the constituent materials reaches its
failure threshold, it is necessary to start an iterative process
to find the strain and stress tensors for both constituents,
fiber and matrix, that fulfill the closing equations.

The algorithm followed by the serial/parallel mixing theory
is shown in Figure 1. For a comprehensive explanation of the
algorithm, the authors suggest referring to reference [48].

2.3.2. Tangent constitutive tensor

In a non-linear analysis, the tangent stiffness tensor is
required to obtain the Jacobian of the structural problem,
required by a Newton-Raphson solution approach. The
more accurate the determination of this tensor, the better
will be the convergence of the non-linear problem.

The tangent constitutive tensor depends on the yield sur-
face used to model each material, which implies that obtain-
ing an analytical expression for it can be in most cases very
difficult, or even impossible. With this aim, a numerical pro-
cedure to obtain the tangent constitutive tensor that can be
used for any constitutive law is applied. This procedure is
based on performing a numerical derivation using a perturb-
ation method. A comprehensive description of this method
can be seen in Martinez et al. [58].

3. Experimental campaign

In the following section, we describe the experimental cam-
paign developed to characterize the linear and non-linear
performance of composite materials. This campaign was
designed to provide adequate composite material experimen-
tal data to allow a valid calibration of the Serial-Parallel
mixing theory.

The tests have been conducted using two different unidir-
ectional (UD) composite laminates: glass/epoxy (SR1125
resin from Sicomin) and glass/vinylester (LEO Injection
Resin 8500 from BUFA; this resin is part of the Saertex
LEO® fire retardant composite system).

The reinforcement fabrics used in this study were
SAERTEX U-E-996g/m” unidirectional (UD) non-crimp
glass fabric and SAERTEX U-E-940g/m*-LEO UD non-
crimp glass fabric. The latter was used only with the LEO
vinylester resin, as it is part of the LEO® composite system.

All laminates were manufactured using vacuum-assisted
resin transfer molding (VaRTM) on a glass tool with a flex-
ible membrane forming the second mold face. Laminates
were manufactured using a [0°],s stacking sequence. Both
Sicomin and LEO resin systems were infused at ambient
temperature (approximately 20°C), following the manufac-
turers’ instructions with respect to ratios of curing agent,

curing and post-curing conditions. Test coupons were
extracted using a water-cooled diamond-coated rotating
disc cutter.

The following tests were conducted:

3.1. Fiber Content

Fiber content was determined using a resin burn-off
method. The mass of the dry sample was recorded before
and after placing the specimen in a crucible in a furnace at
550°C for two hours. This method removes the matrix and
leaves only the dry fibers behind. Where this method was
not suitable, e.g., in the case of charring, thickness measure-
ments were used to determine the fiber volume fraction.

3.2. Density

Density was determined using the water displacement
method. The specimen was suspended from a support and
its apparent mass when immersed in de-ionised water at
23°+2°C was recorded. Knowing the dry mass of the speci-
men and the apparent mass of the support, the density of
the specimen was calculated. Where this method was not
suitable, e.g., the specimen mass was too low, mass and vol-
ume measurements were used to calculate the density.

3.3. Short Beam Shear Testing

Short-span three-point bend Short Beam Shear (SBS) tests
were conducted under quasi-static loading conditions in
accordance with ISO 14130 to determine the apparent inter-
laminar shear strength (ILSS). Tests were performed using a
Tinius Olsen Benchtop Tester (Model 25ST) with a 10kN
load-cell (FL04224). Nominal specimen dimensions were
30mm x 15mm x 3 mm. Samples were dried for 4 hours at
45°C prior to testing. A nominal span length of 15mm was
used, at a testing speed of 1mm/min. The upper roller
diameter was 10 mm and the diameter of the lower rollers
was 4mm. Five samples were tested for each laminate. A
monotonic load was applied up to the failure of each sam-
ple. A fire retardant gel coat was applied on one of the side
of the SBS samples.

3.4. Flexure Testing (3-Point Bending Test)

Three-point bend tests were performed under quasi-static
loading conditions. Samples were dried for 4h at 45°C prior
to testing. The largest possible span length (80 mm) was
used, at a testing speed of 1 mm/min. The upper roller
diameter was 10mm and the lower roller diameter was
4mm. A pre-load of 20N was applied. Sample dimensions
were 200mm x 25mm, with a target thickness of 3 mm.
Flexural strength and flexural stiffness were obtained with
the fibers in the longitudinal direction and in the transverse
direction were obtained. A displacement transducer (Vishay
HS25) was used to measure the displacement of the sample
under the load nose. Between three and six samples were



MECHANICS OF ADVANCED MATERIALS AND STRUCTURES e 7

Table 1. Mechanical and physical testing results for composite laminates: ILSS and flexure (Coefficient of variation in parenthesis).

Ve Apparent Flexural
Resin/ (Fiber volume interlaminar ~ Flexural strength  Flexural modulus  Flexural strength modulus
Resin class reinforcement fraction) Density shear strength 0° orientation 0° orientation 90° orientation ~ 90° orientation
Vinylester LEO SYSTEM 56% 2.233 g/cm® 44.41 MPa 906.9 MPa 39.4 GPa 157.2 MPa 12.5GPa
LEO UD 940 gsm Glass (4.3%) (1.8%) (8.8%) (3.4%) (4.6%) (7.7%) (5.3%)
Epoxy SR1125 58% 2.198 g/cm® 50.53 MPa 929.5 MPa 36.69 GPa 174.4 MPa 13.4GPa
UD 996 gsm Glass (3.0%) (2.3%) (1.7%) (4.6%) (4.5%) (3.3%) (3.0%)

tested for each material system in each direction. The sam-
ples were tested with a monotonic load until failure.

3.5. Tensile Testing

Tensile testing was performed under quasi-static loading
conditions. Samples were dried for 4h at 45°C prior to test-
ing. A testing speed of 6 mm/min was used. Nominal sample
dimensions were 300mm x 25mm x 3mm. Tensile stiff-
ness (Young’s Modulus) was measured by loading the sam-
ples to 60% of failure. During loading, longitudinal
deformation was measured using extensometers (Epsilon
3542) with a 50mm gauge length. The sample was then
unloaded, extensometers were removed and the tensile
strength was established by loading the samples to failure.
Tensile strength and tensile stiffness (Young’s Modulus) in
both the longitudinal and transverse directions were
obtained. Between three and five samples where tested for
each system in each direction

A summary of the results for both systems is given in
Table 1 and Table 2. The load graphs of the different tests,
as well as the images that show the sample failure, are
included in Section 6 of this work, to facilitate the compari-
son of the numerical and experimental results.

4. Calibration procedure

This section describes the procedure developed to character-
ize the composite constituents using the results obtained in
the experimental campaign detailed in the previous section.
The calibration procedure proposed provides the material
data, linear and non-linear, that will be assigned to the com-
posite constituents, fiber and matrix, considering that the
information obtained from the experimental campaign cor-
responds to a given laminae, ie., a single layer of a long
fiber-reinforced polymer.

4.1. Material parameters required by the
numerical model

Some material parameters have to be introduced into the
numerical model in order to obtain the composite perform-
ance. These material parameters are described in the follow-
ing paragraphs.

At the laminae level, there are a number of parameters
that define the configuration of the composite such as fiber
orientation and fiber volume fraction. These parameters are
easily obtained by testing and measuring the samples, as it
has been explained in the previous section. These parame-
ters are summarized in Table 3.

Second, one should recall that the formulation used
requires the definition of a constitutive law that will be used
to characterize the mechanical behavior of the composite
components. Hence, the parameters that should be obtained
by the calibration procedure are those required by each con-
stitutive law considered for each constituent material. These
parameters can be classified as elastic properties and fail-
ure properties.

4.1.1. Constituent properties

The relevant elastic properties are elastic modulus, Poisson
coefficient and shear modulus. In the current approach,
both composite constituents will be considered isotropic.
However, the model is able to define anisotropic parameters,
in which case it will be required to define further tests for
their correct characterization.

The material non-linear properties of the constituent
materials depend on the constitutive law used for their char-
acterization. In the current work, both fiber and matrix will
be analyzed with a Kachanov explicit damage law [59]. Here
it must be stated that although the calibration process will
be conducted for this specific constitutive model, the SP
RoM can use any constitutive damage law or combination
of them (i.e., a damage law for the fiber and a plastic model
for the matrix). Damage in continuum solids implies a deg-
radation of the elastic properties of the material. This pro-
cess is explained by the growth of micro-cracks in the solid,
reducing the effective area of the material. Hence, the solid
loses its original stiffness. This phenomenon can be simulated
in the context of continuum media mechanics by introducing
an internal damage variable. This variable represents the deg-
radation state of the material, relating the real stress tensor of
the solid with an effective stress tensor, as it is shown in
Figure 2. In the case of isotropic damage, degradation is inde-
pendent of the direction, depending on a scalar parameter, d,
being the relation between the real stress tensor and effective
stress tensor as shown by Equation (9).

c=01-4d)- 6 9)

where o is the real stress tensor of the material, o, is
the effective stress tensor and d is the scalar damage
variable (0 < d < 1). Of course, the damage parameter is a
measure of the loss of stiffness of the material, expressed in
Equation (2).

6=(01-d)-6p— C:e=(1-d)-Cy:e—C

_(1-d)-C (10

Finally, the damage criteria distinguish between an elastic
state and a damage state by comparing the stress tensor and
threshold damage defined by Equation (11).
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Table 2. Mechanical and physical testing results for composite laminates: tensile (Coefficient of variation in parenthesis).

Tensile strength

Young's modulus Tensile strength Young's modulus

Resin class Resin/reinforcement 0° orientation 0° orientation 90° orientation 90° orientation
Vinylester LEO SYSTEM 723.6 MPa 35.5GPa 56.6 MPa 12.1GPa

LEO UD 940 gsm Glass (9.0%) (5.3%) (6.5%) (2.6%)
Epoxy SR1125 855.8 MPa 32.4GPa 66.7 MPa 11.0GPa

UD 996 gsm Glass (5.6%) (13.6%) (3.9%) (2.1%)

Table 3. Composite parameters. Hence, the fiber parameters are mainly obtained from the
Parameter Definition longitudinal tests, while the matrix parameters are obtained
9 Fiber orientation relative to the main loading direction  from the transversal tests.
V¢ Fiber volume fraction in each ply, in %.
Voiy Ply volume participation on the whole composite.

fP(6) —KP(e,d) <0 (11)

Here, f”(6) is the stress tensor function and K”(ay;, d) is
the damage threshold. Its performance depends on the frac-
ture energy of the material, Gy. The damage model allows
one to use different damage threshold criteria and functions,
depending on which is the real performance of the material.
In this document, the damage criteria used is an exponential
softening behavior, while the damage threshold function is a
scalar function based on norm of principal stresses.

The material parameters required for a correct character-
ization of the constituents materials are listed in Table 4.

4.2. Calibration process to obtain the
material parameters

This section proposes a procedure to obtain the material
parameters required by the numerical model described in
Section 2, using the experimental results from the tests
described in Section 3. For well-known materials, most of
the data required by the models can be obtained from the
product datasheet. However, in many cases some parameters
are unknown and, in non-common materials it will be
necessary to conduct the complete experimental campaign
proposed to obtain them.

Although the data required by the serial-parallel mixing
theory corresponds to the composite components, the cali-
bration procedure is defined based on an experimental cam-
paign conducted on a unidirectional (UD) laminate. There
are two main reasons to proceed in this way. The first one
is the difficulty to test certain mechanical properties of the
components, e.g. fiber compression strength. The second
reason is related with the interaction between fibers and
matrix. Many composites suppliers give a tensile strength
for the neat resin higher than the transversal tensile strength
of the laminate. The phenomenon is due to the interface
effect between fiber and matrix, giving a poorer transversal
strength to the laminate. Hence, this coupling effect should
be characterized by the calibration process.

The method is based on two assumptions:

a. The longitudinal performance of the composite is
driven by the fibers.

b. The transversal performance of the composite is driven
by the matrix.

4.2.1. Composite parameters

These parameters are related to the stacking sequence of the
laminate and its fiber participation and usually they can be
obtained from the data given by the manufacturer or sup-
plier. In the case of the laminates used in this work, the
manufacturer defined a main direction of the fiber fabric,
and a secondary direction with much lower volume in the
laminate. These secondary fibers, or transverse fibers, give some
transversal stiffness to the whole laminate and hence, have to
be taking into account, defining two plies, first one at zero
degrees and the second ply at ninety degrees. In this document,
the direction of a UD laminate is referring to the direction of
the main volume of fibers defined in this paragraph.

Fiber volume is generally obtained by means of a burn
off test. The influence of the fiber participation is directly
related to the stiffness of the laminae and can be verified
with a simple operation using the rule of mixtures, in other
words, the stiffness of laminae is the sum of the volumetric
contributions for each component. Fiber content in the
main direction is defined as the results of the burn-off test,
while the fiber content in the secondary direction has been
defined by reverse engineering, in order to obtain a good
approach of the transversal stiffness of the laminae. Finally,
the volume participation of main and secondary ply on the
whole laminate is obtained from the manufacturer datasheet.

4.2.2. Fiber parameters

Fiber parameters are obtained from tests performed on UD
longitudinal laminates. The tests used are tensile and 3 point
bending tests. In addition, in order to obtain good calibra-
tion parameters, two types of tensile tests have to be done:
stiffness test and failure test. In the first test, the displace-
ment of the sample is measured by means of an extensome-
ters, obtaining more precise values of the stiffness. On the
second test, the sample is loaded to failure, obtaining the
maximum load. The reason why extensometers are not used
on failure test is that the failure mode of the longitudinal
UD laminates is explosive, which could damage the
extensometers.

Fibers have been considered as isotropic materials and
their stiffness has been obtained from the material datasheet
and literature, for both Saertex Leo fiber and Hybon 2002
fiber [60-62]. In both cases, a Young Modulus value of
72GPa was considered. The Poisson coefficient has been
defined as 0.22 following a literature review [20]. The
parameters obtained from the tests are fiber strength and
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Figure 2. Representation of the effective and real stress spaces.

Table 4. Constituent material properties.
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Table 5. Summary of the tests required to obtain the material parameters.

Parameter Definition Parameter Method to obtain

E Young modulus. Fiber orientation Defined by design.

v Poisson coefficient. Fiber and ply volume Burn off test. Verified by longitudinal
G Shear modulus. participation and transverse tensile tests.

‘oy Compressive strength at damage threshold. Fiber Young modulus Datasheet product. Verified by
‘zry Tensile strength at damage threshold longitudinal tensile test.

(%) Shear strength at damage threshold. Matrix Young modulus Datasheet and literature. Verified by
Gf Fracture energy. transverse tensile test.

Constitutive law
Yield criteria

Exponential softening Kachanov damage law.
Norm of the principal stresses

fiber fracture energy. Fiber tensile strength was taken for the
maximum load obtained in a tensile test to failure. Fiber
compressive strength has been calibrated by the longitudinal
bending tests, considering compressive failure of the fiber
occurs when non-linear performance is reached on the load-
displacement graph. Finally, the fiber energy fracture is
obtained by calibration of the softening performance of the
tensile test to failure.

4.2.3. Matrix parameters

Matrix parameters are obtained from tests performed on sam-
ples extracted transversally from the UD laminates. The tests
used are tensile, shear and bending tests. Contrary to the longi-
tudinal tensile tests, the failure mode of transversal tensile test
is not explosive. As a consequence, extensometers could be
used for both tests, i.e.. stiffness and tests to failure.

The matrix stiffness is obtained from the datasheet of the
materials and from literature. The stiffness of the LEO vinyl-
ester is 3.4 GPa [20] and the stiffness of the SR1125 epoxy is
3.525GPa [62]. For both materials, the Poisson coefficient
has been defined as 0.30 [20]. Matrix tensile strength is
obtained from the tensile test, considering the iso-stress con-
dition of the S/P RoM, the transverse strength (serial per-
formance) of the laminate is defined by the tensile strength
of the first material that fails in this direction, which in the
composites analyzed has been always the matrix. Matrix
compression strength is obtained from the transverse flex-
ural test, in a similar manner than the compressive strength
of the fibers. The Short Beam Shear (SBS) test is used to
calibrate shear stiffness and shear strength of the matrix, as
well as the fracture energy of the matrix. The main reason
to use the SBS test instead of tensile test to obtain the
matrix fracture energy is that shear failure is matrix-

Literature.

Short Beam Shear test (SBS).
Longitudinal tensile test.
Longitudinal 3 Point Bending Test (3PB).
Transverse tensile test.
Transverse 3PB test.

Poisson coefficient

Shear modulus

Fiber tensile strength

Fiber compressive strength
Matrix tensile strength
Matrix compressive strength

Matrix shear strength SBS test.
Fiber fracture energy Longitudinal tensile test.
Matrix fracture energy SBS test.

dominated compared to the tensile test. Given that in trans-
versal tensile test the UD laminate has a small percentage of
fibers aligned with the loading direction, the performance is
not purely matrix-dominated. Hence, the shear test is pre-
ferred to calibrate the fracture energy.

Finally, definition of an anisotropic failure surface is
necessary to properly capture the faijlure threshold, as ten-
sile, compressive and shear strength differ. This can be
achieved by defining a mapping between the real anisotropic
space and an equivalent isotropic space, following the for-
mulation developed by Oller [63].

4.2.4. Summary of the parameters and tests to be done
Table 5 summarizes the different parameters required by the
numerical model, and the procedure used to obtain their
value. Parameters are either obtained from the literature or
from a specific test conducted during the experimental cam-
paign. This table does not include as a calibration parameter
the constitutive law used to simulate the material non-linear
performance because, as has been stated previously, all
materials have been modeled using a Kachanov damage law
in the current work.

4.3. Final material parameters

The procedure described previously has been used to obtain
the material parameters required to simulate the mechanical
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Table 6. Summary of material properties and parameters for Leo system.

Table 7. Summary of material properties and parameters for Sicomin system.

Composite properties

Composite properties

Parameter Ply 0° Ply 90° Parameter Ply 0° Ply 90°
Ply volume 90% 10% Ply volume 87% 13%
Fiber volume 56% 45% Fiber volume 58% 30%
Material parameters of constituent materials Material parameters of constituent materials
Parameter Glass LEO fiber LEO vinyl ester ~ Parameter Glass Hybon 2002 Epoxy SR1125
Young modulus (GPa) 72.0 34 Young modulus (GPa) 72.0 3.525
Poisson coefficient 0.22 0.30 Poisson coefficient 0.22 0.30
Shear modulus (GPa) 1.66 0.455 Shear modulus (GPa) 1.66 0.405
Tensile strength (MPa) 1704 50 Tensile strength (MPa) 1707 27
Compressive strength (MPa) 1500 80 Compressive strength (MPa) 1400 94
Shear strength (MPa) 1704 71 Shear strength (MPa) 1707 43
Fracture energy U/m?) 18500 1300 Fracture energy U/m?) 18500 8500
behavior of the glass/epoxy (Sicomin SR1125) and the glass/  Table 8. Sample dimensions.
. ® .

vinylester (Saertex LEO™) systems. These material parameters  simulation test Length (mm) Width (mm) Thickness (mm)
are displayed in Tables 6 and 7. These have been applied to  Tensile test 135 (50) 125 15
the numerical models described in Section 5 to obtain the 3PB test 40 125 3

SBS test 7.5 7.5 3

material performance that will be described in Section 6.

5. Numerical model
5.1. Geometry

The numerical models developed to calibrate the different
material parameters and to reproduce the results obtained in
the experimental campaign have been defined with the aver-
age dimensions obtained from the different coupons tested.
These dimensions are specified in Table 8. In addition, the
numerical models have been reduced to a quarter part of
the entire coupon applying symmetric boundary conditions, in
order to reduce the computational cost of the simulation. In
the case of the longitudinal tensile test, the length used is the
distance between grips, and for transverse tensile test, the dis-
tance between extensometers. Hence, the measures shown in
the table correspond to the reduced model, which accounts for
the applied symmetries.

For bending tests and shear tests, an elastic material on the
support region has been defined in order to avoid the develop-
ment of non-linear effects on these areas due to the excessive
stiffness produced in numerical model by fixed supports.

Regarding meshing data, structured mesh has been
defined and built with hexahedral linear elements. The
meshing data for each simulation test, containing the num-
ber of nodes and elements used to create the mesh can be
seen in Table 9.

The geometries of the tensile, bending and shear models
for both composite systems are shown in Figures 3-5. In the
case of transverse tensile tests, only the gauge length exten-
sion is defined in the FEM model.

5.2. Boundary conditions

All boundary conditions have been designed to simulate the
constraints to which the specimens are subjected to.
Furthermore, symmetric boundary conditions have been
applied in order to reduce the number of elements used and
thus the computational cost of the analysis.

*The value between parentheses corresponds to the length between extens-
ometers for transverse tensile test model.

Table 9. Meshing data.

Simulation test N° of elements N° of nodes
Tensile test 20.250 (7.500) 28.184 (10.504)*
3PB test 10.000 12.636

SBS test 3.200 3.969

Values in parenthesis correspond to transverse tensile test model.

Boundary conditions for the tensile test have been
applied as a null displacement and as an increasing displace-
ment in the longitudinal direction of the sample (X direc-
tion), on surfaces defined as “X” and “D,” respectively. The
model is loaded with an increasing load in order to obtain a
displacement-controlled performance, which allows charac-
terizing material softening once the failure load has been
reached. The symmetry boundary conditions are applied on
surfaces “Y” and “Z,” imposing no displacement in direc-
tions Y and Z, respectively. Figure 6, Figure 7 and Figure 8
show the surfaces in which the different boundary condi-
tions are applied.

The flexure tests conducted on the different samples were
three-point bending tests. Therefore, the sample is simply
supported at both ends and a vertical displacement is
applied at mid-span. These boundary conditions are applied
to the numerical model by defining a null displacement at
one end of the geometry (red line in Figure 7) and a con-
tinuous vertical displacement in the green surface shown in
this same figure. In this last surface it is also defined a null
displacement in the longitudinal direction, as it is a sym-
metry plane. The other symmetry plane is drawn in yellow
and it is defined with a null displacement in the Z direction.

The same boundary conditions applied to the bending
test have been applied to the Short Beam Shear test, at it is
shown in Figure 8. The different behavior provided by the
experimental test, as well as by the numerical model, is due
to the short support span of the specimen, substantially
shorter in the case of the SBS test, so the maximum stresses
are tangential instead of normal.
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(b)

Figure 3. Geometry of the tensile test case. (a) Longitudinal tensile model. (b) Transverse tensile model.
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Figure 4. Geometry of the 3PB test case.

|

Figure 5. Geometry of the SBS test case.
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Figure 6. Boundary conditions of the tensile test.

6. Results and discussions

In this section, the numerical simulation results are shown
and compared with the experimental results for each test
and material system. The material parameters obtained by
the calibration process are used to characterize the fibers
and matrix of each composite system. The boundary condi-
tions and meshing data described in previous sections have
been applied. In global terms, the results show good agree-
ment between the numerical prediction and experimental
tests. The developed calibration process obtains the material
parameters required by the S/P Mixing Theory. The differ-
ent failure modes are obtained only changing the geometry
and loading conditions of each sample. Next, the results for

Figure 7. Boundary conditions for flexure test.

Figure 8. Boundary conditions for shear test.

tensile, flexure and shear simulations, as well as their failure
mode are compared to the experimental results.

6.1. Tensile tests

In terms of load—-displacement, the longitudinal tensile simu-
lations show good agreement with the experimental results.
This agreement is seen in terms of stiffness and failure load
of the samples. The comparison between the numerical and
experimental results for load-displacement is shown in
Figure 9. The results obtained on experiment samples show
a generalized failure of all fibers, which is characterized as a
sudden failure of the sample in an explosive manner, a very
common failure mechanisms for longitudinal tensile UD
laminates [64-66]. In addition, matrix failure is detected,
which corresponds to the white region of the sample. These
failure mechanisms can be seen on both fiber/resin systems,
as it is shown in Figure 10. On the other hand, in Figure 11,
the numerical results are shown. On such results, fiber dam-
age presence exists, implying the failure of the fibers on the
whole sample, as well as a high damage state on the matrix.
This damage is generalized in all the sample because all of it
has the same stress value. On the numerical simulation,
matrix damage appears before the fiber damage, meaning
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Figure 9. Longitudinal tensile stiffness results. (a) Results for LEO system. (b) Results for Sicomin system.
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Figure 10. Failure mechanisms for longitudinal tensile tests. The samples show failure breakage and matrix cracking as the white region. Failure of fiber and matrix
are generalized on the whole sample. For both composite systems the samples failed abruptly. (a) LEO system. (b) Sicomin system.
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Figure 11. Numerical simulation of failure mechanisms. All pictures depict a huge extent of damage on the whole sample. (a) Fiber damage on LEO system. (b)
Fiber damage on the Sicomin system. (c) Matrix damage on LEO system. (d) Matrix damage on the Sicomin system.

the apparition of matrix cracking earlier than fiber failure.
Next, the initiation of fiber damage leads to the sudden
drop of the load. This same process is the one that can be
observed on the experimental test, proving the capability of
the formulation to capture such failure mechanisms.
Load-displacement results for transverse tensile tests and
their comparison with the simulations are depicted in Figure
12. In this loading condition, the primary ply of the lamin-
ate behaves on serial direction, it is an iso-stress condition,
and hence the laminate has a lower stiffness and strength
than a longitudinal laminate. Two linear regions for these
tests are appreciated. The load at which the second linear
region starts corresponds with the failure of the matrix,

leading to a lower stiffness of the material. This residual stiff-
ness, and hence residual load-bearing capacity, is believed to
be given by the second ply, which in this case its fibers are
parallel to the loading direction. It is important to remark that
the properties of the laminate in the transverse direction are
not purely matrix-dominated. Therefore, strength and stiffness
in the transverse direction are higher than would be expected
for pure UD fabric due to the additional properties provided
by transverse fiber tows. Regarding the numerical simulations
of load-displacement, it is capable to capture initial stiffness
and failure load, as well as the post-failure performance. The
numerical model predicts that the stiffness of this second
region is probably given by the small percentage of fibers
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Figure 12. Load-displacement results for transverse tensile tests. (a) LEO system. (b) Sicomin system.
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Figure 13. Failure mechanisms for transverse tensile tests. Both systems presented matrix failure as the white region of them. The samples did not split in two
parts, given the existence of longitudinal fibers on the second ply of the laminate. (a) LEO system. (b) Sicomin system.
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Figure 14. Numerical simulation of failure mechanisms. (a) Matrix damage for LEO system. (b) Matrix damage for Sicomin system.
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Figure 15. Load-displacement results for longitudinal 3PB tests. (a) Leo system. (b) Sicomin system.

existing the loading direction for the secondary ply of the
laminate. The failure mechanism of transverse tensile test is
shown in Figure 13. Although the experimental results showed
some extended matrix damage on the whole samples, the fail-
ure of the matrix is clearly close to their tabs, denoted as the
white region. The samples did not split in two parts and could
carry some residual load. This residual load-bearing capacity
was due to the second ply of the laminate, which are loaded
parallel to the loading direction. The numerical results showed
an extended matrix damage on the whole sample, given that

all the sample is in the same stress state, as can be seen in
Figure 14. Contrary on the longitudinal tests, only matrix fail-
ure appeared on transverse tensile tests, being the fibers of the
second ply far from failure.

From all of the results obtained, the only numerical ana-
lysis that shows some discrepancy with the experimental
results corresponds to the transversal tensile test for the
LEO system. Here, the stiffness provided by the numerical
model in the elastic region is somewhat smaller than the
stiffness obtained experimentally. However, the failure load
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Figure 16. Failure mechanism on longitudinal 3PB tests. (a) LEO system compression side (b) Sicomin system compression side (c) LEO system tension side (d)
Sicomin system tension side. LEO system exhibits a relatively narrow band of surface damage on the compression side under the load nose compared to Sicomin.
Fiber bucking, delamination and matrix cracking are evident in both cases. On the tension side, 0° fiber tows are visible on LEO samples indicating fiber matrix
debonding and/or delamination. Very minor damage is evident on the tension side of the Sicomin system.
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Figure 17. Numerical results for longitudinal 3PB tests. (a) Fiber damage due to compression stresses on LEO system. (b) Fiber damage mainly due to compression
stresses and secondly to tensile stresses for Sicomin system. (c) Matrix damage for LEO system. Huge extension of the damage on both sides, tensile and compres-
sive. (d) Matrix damage for Sicomin system. Larger damage extension on the tensile side.

is similar to the maximum results reported by the experi-
mental campaign, as well as the residual stiffness of the
material once matrix failure has occurred.

The tensile analysis of the composite, shown in previ-
ous figures, prove that the model is capable of providing a
very good correlation of the composite stiffness. In add-
ition, the formulation is capable of taking into account
the non-linear performance of the materials, as the max-
imum load applied is reached as well as the composite
behavior in the material non-linear range. The numerical
model also provides the failure mechanisms of each simu-
lation, which are the following: fiber breakage for longitu-
dinal test and matrix failure for transverse test. Both
numerical failures are the same obtained in the experi-
mental campaign.

In the calibration process, some data supplied by the
manufacturer were used as a first approach in the procedure
and were adjusted later. Specifically, the tensile strength of
the fibers used in the Sicomin system was different than the
numerical value calibrated from experiments. The manufac-
turer specifies 2290 MPa of strength, while the tensile
strength calibration is 1700 MPa. Some possible justifications
that could explain this disagreement between values is the
existence of a weak fiber-matrix interface, which does not
allow the full development of fiber stiffness.

6.2. Flexure tests (3PB)

Load-displacement graphs for longitudinal 3PB results for
both composite systems are depicted in Figure 15. Results
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Figure 18. Load-displacement results for transverse 3PB tests. (a) LEO system. (b) Sicomin system.
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Figure 19. Experimental results for transverse 3PB tests: (a) LEO system compression side (b) Sicomin system compression side (c) LEO system tension side (d)
Sicomin system tension side. A narrow band of matrix damage is evident on the compression side of both materials. Fiber tows are visible and exposed on the ten-

sion side in both samples indicating fiber-matrix debonding has occurred.
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Figure 20. Numerical simulation of failure mechanisms for transverse 3PB tests. Matrix damage is depicted as the failure mechanism due to normal stresses. No
fiber damage was developed. (a) LEO system. (b) Sicomin system. This system shows a larger extension of matrix damage on the tensile zone compared with

LEO system.

for both composite systems show that the model is capable
of capturing very accurately the bending stiffness of the
composite. The numerical composite performance is mainly
driven by the fiber response, which behaves linearly until
failure. This differs from the response obtained experimen-
tally, in which a gradual loss of stiffness is observed. This
difference is clearly observable on the Sicomin system, as it
is depicted in Figure 15 (b). However, the numerical model
is capable of predicting accurately the maximum load that
can be applied to each composite. In Figure 16, the results
for longitudinal 3PB tests during the experimental campaign
are shown. These results show that, for both composite sys-
tems, the longitudinal samples failed predominantly by fiber

buckling on the compression side, although matrix damage
was also observed. The compression damage in the LEO
sample was narrow (concentrated under the load nose)
where as a broader damage zone with obvious delamination
was prevalent in the Sicomin samples. The fiber tows were
visible on the tensile side of the LEO samples post-test indi-
cating fiber-matrix debonding had occurred. Sicomin exhib-
ited very minor damage on the tension side. Numerical
predictions of failure mechanisms are shown in Figure 17.
The simulations show fiber damage on the compression
zone due to fiber buckling for both systems. Figure 17 (b)
also shows a slight tensile fiber damage for the Sicomin sys-
tem. The simulations also predict some damage in matrix
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Figure 21. Load-displacement results for SBS test. (a) LEO system. (b) Sicomin system.
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Figure 22. Failure mechanism results for SBS tests: (a) LEO system. (b) Sicomin system. In both samples, shear cracks form as white regions inside the samples

between the load nose and support points.

material, which is more extended in the LEO system and
can be associated to possible delaminations. The failure
mode predicted by the numerical model is in agreement
with the experimental failure in terms of fiber performance,
as in both cases the failure is produced by fiber buckling.
The numerical model is also capable of predicting the
delamination in matrix material associated to the sample
failure, although the model has located these delaminations
in the LEO specimen, and this delamination is more
extended in the Sicomin experimental sample.

The load-displacement results for transverse 3PB tests for
both composite systems are shown in Figure 18. In this case,
the stiffness predicted by the numerical model fits very well
to the response obtained in the experimental results. This
good agreement occurs in the initial linear region and also
once the initial stiffness is reduced and becomes variable.
However, once the non-linear regions is developed, the
numerical model loses convergence before reaching the
maximum load obtained in the experimental campaign. This
can be explained by means of the stress concentration
appeared on the mid span of the sample, where the max-
imum bending moment is located. In this critical section,
the loss of convergence occurs in the model. On the other
hand, a redistribution of stresses occurs in the experimental
tests. Failure mechanisms from the experimental campaign
are shown in Figure 19, where clear matrix damage is
observed on both the tensile and compressive sides for both

materials. Contrary to the longitudinal 3PB tests where ten-
sile strength is higher than compressive strength due to the
longitudinal fibers, the transverse 3PB are more inclined to
fail in the tensile zone, given that compressive strength is
higher than tensile strength for both resin systems. Fiber
tows were exposed on the tensile side in both cases indicat-
ing fiber-matrix debonding had occurred. Figure 20 shows
failure prediction for both composite systems, obtaining a
good agreement between the experimental and numerical
failure. Numerical simulations showed matrix damage as the
failure mechanism. For both resin systems, tensile stresses
were more critical and hence damage extension is larger in
tensile side of the samples. No fiber damage was found on
the numerical simulations.

6.3. Short beam shear test

The load-displacement results for the SBS simulation of
both composite systems are presented in Figure 21. Shear
stiffness and maximum load obtained numerically are in
agreement with the experimental results for both composite
systems. In both results, a clear drop in the load is observed.
The load drop is as a consequence of shear crack formation,
which is the main failure mechanism evident from these
tests. This shear crack formation is due to the shear stress
applied to the samples. Shear cracks can be seen in the
tested samples shown in Figure 22, as a white region inside
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(a)

(b)

Figure 23. Numerical simulation of failure mechanisms on SBS test. Shear crack failure is observed as matrix damage on the neutral axis of the samples. In addition,
tensile and compressive failure of the matrix also appears. (a) Matrix damage for LEO system. (b) Matrix damage for Sicomin system.

the thickness of the specimen. The shear bands occur
between the load nose and the supports. The numerical sim-
ulations are shown in Figure 23, where matrix damage is
observed on the neutral axis of the specimen, leading to
shear crack failure. In addition, matrix damage due to ten-
sile and compressive stresses is found. The damage process
on the simulations is the following: matrix damage due to
tensile and compressive stresses appears. Next, matrix dam-
age initiates at the end of the specimen on the neutral axis.
Finally, sudden matrix damage appears in all the neutral
axis, yielding to shear cracks failure and coinciding with the
drop of load on the load-displacement graph. This process
is similar in both resin systems, with the exception that on
the Sicomin system the shear cracks advance through the
thickness until they reach the surface of the specimen. No
failure of fibers was found in both composite systems.

7. Conclusions

A new methodology has been developed to obtain the
material parameters required by the Serial/Parallel Mixing
Theory formulation. The method uses the experimental
results, obtained from the experimental analysis of unidirec-
tional laminates, to calculate the mechanical properties of
the composite constituents. The procedure assumes that fail-
ure of unidirectional laminates loaded parallel to the fiber
direction is fiber-driven, while the failure of unidirectional
laminates loaded off-axis is matrix-driven. The experimental
campaign proposed for unidirectional laminates, the tests
performed as part of the current study and the associated
results are also presented.

The material parameters calculated are then used in con-
junction with the Serial-Paralle]l Mixing Theory to predict
the mechanical performance of the composites considered in
this study. This formulation is capable of simulating differ-
ent failure modes of the laminates, such as fiber breakage,
matrix cracking and delamination, from the constitutive per-
formance of the composite constituents. The methodology
and formulation have been validated for two different com-
posite systems, fiber-glass-reinforced vinyl ester and fiber-
glass-reinforced epoxy. The results shown by the simulations
prove the capacity of the model to predict the different fail-
ure mechanisms, depending on the geometry and the loads
applied to the specimens, as these are the only elements that
vary among the different models.

Finally, some recommendations are proposed for obtain-
ing a good calibration process of the material parameters,
which are the following:

o Stiffness measurements should be conducted with extens-
ometers in order to obtain an accurate value of the stiff-
ness of the material in tensile tests.

e Material parameters should be obtained from a test-
ing campaign.

e Datasheets supplied by the manufacturers should only be
used as a reference or as a first approximation of the
parameters value.

e The definition of the real architecture of the laminate
should be taken into account, given that it could lead to a
misunderstanding of the material parameters values, as it
has been proved by the need to consider the contribution
of transversal fibers, included in the unidirectional laminate
to stabilize the longitudinal fibers, in order to capture prop-
erly the transversal stiffness of the composite.

Up to this date, different publications had proved that the
serial parallel mixing theory was an efficient method, in terms
of computational cost and result accuracy, to characterize dif-
ferent composite failure modes. This paper has shown that
with a good calibration of the composite components, the for-
mulation is capable of predicting the most common failure
modes of composites, and that the failure mode is only driven
in the model by the existing stresses in the composite. This
work also provides the experimental campaign and the calibra-
tion procedure required for a correct characterization of the
composite components. The proven capabilities of the formula-
tion, together with the procedure to calibrate the model, are
expected to facilitate the use of this formulation for the design
of optimal and reliable composite structures.
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