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Abstract: Advanced composite material systems are increasingly used in almost every industrial
branch. The structural components manufactured from these composite material systems are
usually subjected to complex loading that leads to multi-axial stress and strain fields at critical
surface locations. The current practice of using solely uniaxial test data to validate proposed
material models is wholly inadequate. In order to test closer to reality, a biaxial test bench using
four servo-hydraulic actuators with four load cells was developed. Besides the development of
the test facility, a mixed numerical/experimental method was developed to determine the inplane stiffness parameters from testing a single cruciform test specimen. To obtain the strength
data an optimized geometry for the cruciform type specimen was designed. For the optimization
procedure a full three-dimensional finite element model was used. The numerical results were
validated with strain gauge, digital image correlation, and electronic speckle pattern interferometry data. The material system used for the experimental validation was glass fibre-reinforced
epoxy with a lay-up [(+45◦ −45◦ 0◦ )4 (+45◦ −45◦ )] typically used for wind turbine blades.
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INTRODUCTION

Advanced composite material systems are increasingly used in almost every industrial branch.
Besides applications in the automotive, aeronautical
and sports sectors, there are numerous and everincreasing industrial uses, including in: wind turbines,
storage tanks, high-speed and precision machinery,
gas turbine engines, and medical diagnostic equipment. Indeed, their outstanding mechanical performance added to their low weight and other unique and
tailorable physical properties make composites the
material system of first choice for many applications.
The constituent parts of the structural components
manufactured from these composite material systems
are usually subjected to complex loading that leads to
multi-axial stress and strain fields at critical surface
locations. Consequently, a reliable design procedure
validated rigorously by multi-axial experimental data
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is mandatory in order to ensure satisfactory performance over the predefined service period, and to avoid
the use of excessive safety factors to cover the high level
of uncertainty. In fact, the further growth of the use of
advanced composite materials for structural applications will largely depend on the ability to model and
simulate the behaviour of these materials successfully.
Numerous theories have been proposed to predict the
response of composite materials but, in order to apply
these analysis tools for structural design, experimental
validation under a variety of complex loading conditions is mandatory. As composite materials generate
complex biaxial and multi-axial stress states [1], even
for simple uniaxial loading, the current practice of
using solely uniaxial test data is wholly inadequate and
consequently, testing closer to reality is of paramount
importance.
Furthermore, as a result of the First World Wide
Failure Exercise (WWFE) [2], it became clear that
none of the 19 evaluated failure theories worked well
for all the 14 test cases. It also demonstrated the
huge lack of reliable experimental data. Indeed, during the last decade the composite testing community
has successfully developed the ability to characterize
Proc. IMechE Vol. 222 Part L: J. Materials: Design and Applications
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accurately the uniaxial response of fibre-reinforced
composite materials. Several standardized test methods have been developed to evaluate the in-plane
shear, the axial and transverse tensile, and the
axial and transverse compressive response. Unfortunately, test methods to determine the same properties under complex stress states did not make the
same progress. The non-homogeneous and strong
anisotropic response of composite materials and the
fact that such complex experiments demand expensive and sophisticated test equipment are certainly
the main reasons why multi-axial (biaxial or triaxial) test methods have not obtained the same level
of maturity, and also possible explanations of why
there is so little existing capability available to evaluate the multi-axial response of composite materials
[3–5]. Nevertheless, different techniques with varying
complexity have been developed for producing biaxial
stress states over the past decades. These techniques
may be classified into two categories [6]: (a) tests using
a single loading system and (b) tests using two or more
independent loading systems. In the first category, the
biaxial stress ratio depends on the specimen’s geometry or on the loading fixture configuration, whereas
in the second category it is specified by the applied
load magnitude. Examples of the first category include
bending tests on cantilever beams, anticlastic bending
tests of rhomboidal or rectangular shaped composite
plates, bulge tests, equibiaxial loading of disc-shaped
specimens, and tests on cruciform specimens with
a spatial pantograph. Examples of the second category are round bars under bending-torsion, thin-wall
tubes subjected to a combination of axial loading and
torsion or internal/external pressure, and cruciform
specimens under in-plane biaxial loading. The technique with the thin-wall tube is the most popular, [7]
and seems to be very versatile, because it allows tests
with any constant load ratio to be performed. However, it also presents some inconveniences [6, 8, 9] as
for instance: (a) the radial stress gradients, depending
on the thickness of the tube, and the applied load, may
not be negligible; (b) real construction components
in fibre-reinforced composite materials are often flat
or gently curved and differ much from tubular specimens; (c) thin walled tubes are not easy to fabricate; (d)
obtaining a perfect alignment and load introduction
is not straightforward; (f ) thin tubular specimens can
experience various forms of elastic instability when
they are subjected to circumferential or axial compression or torsion loads; and (g) tubes may exhibit
changes in geometry during loading, but these effects
are usually ignored when processing experimental
results.
Consequently, to our knowledge, the most appropriate method for testing sheet materials consists of
applying axial forces to the loading arms of a cruciform
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type specimen. Such a system using servo-hydraulic
actuators was developed at the Department of
Mechanics of Materials and Construction (MeMC) of
the Free University of Brussels (VUB) [10]. Another
challenge, besides the development of the test facility was the design and optimization of the geometry
of the cruciform type specimen for stiffness as well as
strength characterization of fibre-reinforced composite laminates [11–13]. The results related to this study
are included in the present paper. Also included is a
small overview of the test facility. For a full detailed
report please read reference [10].

2

PLANE BIAXIAL TEST BENCH FOR CRUCIFORM
TEST SPECIMENS

The biaxial test rig, Fig. 1, developed at the VUB, has
a capacity of 100 kN in each perpendicular direction,
but only in tension, limiting the experimental results
to the first quadrant of the two-dimensional stress
space. Since cylinders without hydrostatic bearings
are used, failure or slip in one arm of the specimen
will result in sudden radial forces, which could seriously damage the servo-hydraulic cylinders and load
cells. To prevent this, hinges were used to connect the
specimen to the load cells and the servo-hydraulic
cylinders to the test frame. Using four hinges in each
loading direction results in an unstable situation in
compression and consequently only tension loads can
be applied. The stroke of the cylinders is 150 mm. The
loading may be static or dynamic up to a frequency
of 20 Hz. Each cylinder is independently controlled
and any type of loading waveform, including spectral sequences of variable amplitude, can be efficiently
introduced using the dedicated software and control
system.

Fig. 1

Biaxial test bench
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3.1

3

STIFFNESS CHARACTERIZATION VIA THE USE
OF AN INVERSE METHOD
Introduction

Stiffness characterization using uniaxial test procedures is straightforward: the initial cross-section of the
specimen is measured, during loading s the load is
monitored using a calibrated load cell, and the axial
and transverse strain, using an extensometer or strain
gauge. The load divided by the initial cross-section
yields the stress and consequently the stress–strain
curve can be plotted from which the stiffness modulus, say E1 (fibre direction), can be determined. To
determine E2 , the stiffness modulus in the transverse direction, a similar procedure is followed. For
the evaluation of the shear properties a ±45◦ offaxis or Iosipescu type specimen is used. Obviously,
for full stiffness characterization of a composite laminate several tests are needed. It will be demonstrated
that these tests can be replaced by a single biaxial
test of a cruciform type specimen. In order to do
so a mixed numerical experimental technique, integrating a full-field measurement technique, a finiteelement method, and an optimization procedure,
was developed in cooperation with the Royal Military Academy (RMA) [14, 15]. In the present paper,
a method is proposed for the identification of the inplane engineering constants E1, E2, G12, and ν12 of
an orthotropic material based on surface measurements. The responses of the system, i.e. the surface
displacements, are measured with digital image correlation (DIC). Strains are subsequently calculated. A
finite element model of the cruciform specimen serves
as numerical counterpart for the experimental set-up.
The difference between the experimental and numerical strains (the cost function) is minimized in a least
squares sense by updating the values of the engineering constants. The optimization of the parameters is
performed by the Gauss–Newton method. In contrast
to a direct problem, which is the classical problem
where a given experiment is simulated in order to
obtain the stresses and the strains, inverse problems
are concerned with the determination of the unknown
state of a mechanical system, using information gathered from the response to stimuli on the system
[16]. Not only is the boundary information used, but
also, relevant information obtained from full-field surface measurements is integrated. The inverse method
described here can be narrowed to parameter identification, as the only item of interest is the determination
of the constitutive parameters. The values of these
parameters cannot be derived immediately from the
experiment due to the specimen geometry. A numerical analysis is necessary to simulate the experiment.
However, this requires that the material parameters are
known. The identification problem can be formulated
JMDA199 © IMechE 2007

Fig. 2

Flow chart of determination process

as an optimization problem where the function to
be minimized is an error function that expresses the
difference between numerical simulation and experimental results. In the present case the strains are used
as output data. Figure 2 represents the flow chart of
the inverse modeling problem.
3.2

Optimization algorithm

The optimization of the apparent engineering constants is performed by the Gauss–Newton method.
The cost function that is minimized is a simple least
squares formulation. Expression (1) shows the form of
the least-squares cost function that is minimized. The
residuals in the function are formed by the differences
between the experimental and the numerical strains

 n  num
2
 εi (p) − εexp
i

C(p) = C(ε(p), p) =
(1)
exp
εi
i=1
The necessary condition for a cost function to attain
its minimum is expressed by equation (2). The partial
derivative of the function with respect to the different material parameters has to be zero. By developing
a Taylor expansion of the numerical finite element
strains around a given parameter set, an expression is obtained in which the difference between the
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present parameters and their new estimates is given
by equation (3)
1
∂C(p)
=
∂pi
C(p)
εinum (p)

n  num
exp 

∂εnum
ε (p) − ε
j
i

i

exp

∂p i

εi

j=1

∼
(p k ) +
= εnum
i

m

∂εnum (p k ) 
i

j=1

∂p j

=0

p j − p kj

(2)

(3)

−1

St εexp − εnum (p k )

(4)

where p is the column vector of the parameter
updates of E1 , E2 , G12 , and ν12 , εexp the column vector of the experimental strains, εnum (p k ) the column
vector of the finite element strains as a function of the
four parameters at iteration k, and St the sensitivity
matrix.

3.3

Sensitivity calculation

The sensitivity matrix (5) groups the sensitivity coefficients of the strain components in every element of the
finite element mesh with respect to the elastic material parameters. The index n in equation (5) stands for
the total number of elements. The components of this
sensitivity matrix can be derived analytically from the
constitutive relation between stress and strain, which
is given by expression (6) in the case of a plane stress
problem. The stresses that are used in the calculation
of the derivatives are taken from the converged simulation in the actual iteration step. The values of the
parameters are taken from the previous iteration step
⎡
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3.4
3.4.1

Substituting equation (3) in equation (2) and rearranging some terms, yields equation (4), and the parameter
updates are obtained.
p = St S
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Experimental results
Tests on rectangular specimen

An extended database of experimental static and
fatigue results on beamlike glass fibre-reinforced
epoxy specimens with a [(+45◦ −45◦ 0◦ )3 (+45◦ −45◦ )]lay-up has been setup within the framework of the Q1
Optimat Blades project [17]. For the glass fibrereinforced composite laminate with the mentioned
lay-up, the average and standard deviation material
parameter results of about 400 traditional beamlike
tests are given in Table 1. E1 , E2 , and ν12 are obtained
from static tensile tests while G12 is obtained from
V-notch tests.
3.4.2

Tests on cruciform specimen (engineering
constants)

For the identification of four independent elastic
orthotropic parameters, a perforated and a nonperforated specimen are used. The reason for testing a
specimen with a hole is to influence the overall deformation field and to make the measured strain fields
more sensitive to the different material parameters.
Since an experimentally obtained strain field is being
dealt with here, this can be important. The specimens
are subjected to three different ratios of biaxial tensile loads: 2.56/1, 3.85/1, and 5.77/1. Five successive
load steps are imposed per ratio, so this means that 15
independently measured strain field triplets are available per specimen for the identification process. The
same loads are used in the finite element simulation.
A plane stress model is used with a uniformly distributed load as boundary condition. The convergence
criterion used in the optimization phase ends the iteration process when the relative value of the parameter
updates is inferior to 0.01 per cent. In all the optimization runs, the convergence criterion is reached in less
than 13 iterations. The results of the identification process are shown in Tables 2 and 3 for both perforated
and non-perforated specimens, in terms of the mean

(5)
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Table 1

Material properties of the laminate obtained
on beamlike specimens

Average
Standard
deviation (%)

E1 (GPa)

E2 (GPa)

G12 (GPa)

ν12

27.03
4.4

14.21
6

8.1
9.5

0.455
9.2
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Table 2

Material properties of perforated cruciform
specimen

Starting values
Average
Standard
deviation (%)

Table 3

E1 (GPa)

E2 (GPa)

G12 (GPa)

ν12

15
25.11
5.4

10
12.17
6.8

10
7.05
8.9

0.3
0.483
7.7

Material properties of non-perforated cruciform
specimen

Starting values
Average
Standard
deviation (%)

E1 (GPa)

E2 (GPa)

G12 (GPa)

ν12

15
25.11
2.8

10
13.31
6

10
7.69
6.8

0.3
0.467
6.6

parameter value and its corresponding standard deviation. They are obtained based on the 15 imposed load
steps considered per specimen. The starting values for
each of the parameters are mentioned as well. It can
be observed that the difference between the results for
both specimen types is reasonably small. The stability
of the results obtained with the non-perforated specimen is slightly larger. This is probably due to the fact
that the strain field is less complex and therefore easier
to measure with the DIC technique than in the case of
the perforated specimen.

4

STRENGTH PROPERTIES OF BIAXIALLY
LOADED CRUCIFORM IN TENSION

Ideally, the same specimen geometry should be used
for stiffness and strength characterization. Unfortunately, it was found that for the laminate stacking
studied [(+45◦ −45◦ 0◦ )3 (+45◦ −45◦ )] too much load
was transferred from one loading arm to the adjacent
one. Consequently, the biaxial area in the central part
of the specimen was not highly stressed and often
premature failure occurred in the uniaxially loaded
arms instead of the biaxially loaded central area.
It is because of these experiences that the authors
decided to put effort into developing and validating an optimized cruciform geometry for strength
determination.
Another problem faced was stress calculation. The
determination of the applied stress is straightforward for uniaxially loaded test coupons. For biaxially
loaded cruciform-type specimens, where the exact
loaded area is unknown, this is not the case. To
define the stress, two different techniques are presented, one based on uniaxial strength data, and the
other based on the constitutive law and the strain
measurements.
JMDA199 © IMechE 2007

4.1

5

Design of a cruciform test specimen

It has proved extremely difficult to develop a cruciform
test specimen that fulfils simultaneously the following
conditions: (a) there has to be a uniform stress/strain
state in the biaxially loaded test zone; (b) failure has
to occur in the biaxially loaded test zone and not in
the uniaxially loaded arms; and (c) the results should
be repeatable [18]. To optimize, the geometry finite
element simulations were performed. The following
parameters were investigated: (a) the rounding radius
at the intersection of two arms; (b) the thickness of
the biaxially loaded test zone in relation to the thickness of the arms; and (c) the shape of the test zone.
Some selected geometries were also tested experimentally. Based on this preliminary study, of which the
results are fully published in a previous paper [10]
an optimized design of the cruciform specimen was
proposed.
Currently, a more detailed three-dimensional finite
element analysis is done to study the effect of geometric discontinuities on the stress and strain field.
This is not possible with the shell model, because the
shell elements do not allow for a correct modelling
of the milled central area of the cruciform. Therefore
a three-dimensional mesh of solid elements is generated, with one element per layer through the thickness.
Every layer of composite material is assigned the elastic properties of the single lamina and the correct fibre
orientation angle.
The experimental validation of the obtained numerical results was done using different experimental
techniques. Strain gauges, DIC, and electronic speckle
pattern interferometry (ESPI) were used to obtain
the strain distribution, which was afterwards compared with three-dimensional finite element results
(Fig. 3). Strain distribution and concentrations were
also investigated in order to obtain an optimal geometry of the specimen. Five strain gauges were placed on
the edge of the milled surface and one in the middle
of the specimen in order to measure the longitudinal
strain (Table 4). The uniformity of the strain field on
the zone of interest was validated. Correlation among
the three different measurement techniques and the
finite-element method was very good (quantitative
and qualitative) as the difference in strain results was
limited to a small percentage.
Full field experimental techniques that enable the
assessment of the overall strain distribution in the
cruciform specimen are absolutely necessary. Strain
measurements using a strain gauge or extensometer
are not sufficient because both give an average value
of the deformation along their gauge length and sometimes fail earlier than the specimen. To be able to study
the symmetry of the strains and the occurring shear
strains experimentally, a full field strain method is necessary. DIC is an experimental technique that offers
Proc. IMechE Vol. 222 Part L: J. Materials: Design and Applications
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Fig. 3

Table 4

Cruciform specimen showing the position of the strain gauges and the first principal strain
fields from DIC, ESPI, and FEM, respectively for uniaxial tensional load (43 per cent of total
failure load)

Strain results for the five edge and the central
strain gauges

Longitudinal
strain (%)

ε1

ε2

ε3

ε4

ε5

εcentral

0.96

0.96

0.9

0.96

0.96

0.84

the possibility of determining displacement and deformation fields at the surface of objects under any kind
of loading, based on a comparison between images
taken at different load steps. The software processes
and visualizes the data gathered in order to obtain an
impression of the distribution of strains. A measurement session consists of taking several pictures of the
region of interest (ROI) with a charge-coupled device
(CCD) camera. In this case (Fig. 4), two cameras were
used to be able to measure both in-plane and out of
plane displacements on specimens not entirely flat as
is the case for the specimens with a milled surface
in the centre. Each picture corresponds to a different loading step. The camera uses a small rectangular
piece of silicon that has been segmented into an array
of 1392 by 1040 individual light-sensitive cells (pixels).
Every pixel stores a certain grey scale value ranging
from 0 to 4095, in agreement with the intensity of the
light reflected by the surface of the tested specimen.
ESPI is widely used in non-destructive testing (NDT),
the deformations are made visible as fringe patterns
while an inspected sample is loaded. Figure 5 shows
the set-up of a uniaxial experiment on a cruciform
specimen using both ESPI and DIC for validation of
the displacement/strain results.

Fig. 4

Fig. 5

4.2
4.2.1

DIC and ESPI techniques set-up

Stress calculations
Stress calculated from area

For uniaxial tension/compression tests, the determination of the applied stress is straightforward as the
load and the area transferring the load can be measured. In the case of biaxial tests of the cruciform type
specimens, only the applied load can be measured and
the area is unknown. However, if the failure stress is
assumed to be the same in a uniaxial test and a biaxial test of a cruciform loaded in one direction only,
an equivalent area can be specified. The method is
summarized in Fig. 6.
Two uniaxial tests on beam specimens and two
uniaxial tests on cruciform specimens are needed to

Digital image correlation system

Proc. IMechE Vol. 222 Part L: J. Materials: Design and Applications

JMDA199 © IMechE 2007

Fibre-reinforced composite laminates

Fig. 6

7

Stress calculation method using equivalent area

Fig. 7 Tension/tension failure stresses calculated using equivalent area

calculate the equivalent area Aeq1 and Aeq2 (which
is loaded during a biaxial test) along the 0◦ fibres
and transverse to them, respectively. From the four
tests outputs the failure loads for each situation are
known, furthermore, for the beam specimens the
section A0 is also known. For a different load ratio
(load in 0◦ /load in 90◦ ), the failure stresses of a biaxially
loaded cruciform specimen could be calculated using
the new failure loads divided by the equivalent area.
Figure 7 shows the tension/tension failure envelope
when the stresses are calculated from the equivalent
area.

4.2.2

matrix could be calculated using classical laminate
theory or an inverse method [14, 15]. The method is
summarized in Fig. 8.

Stress calculated from constitutive law

In order to calculate stresses on a cruciform specimen with this method, strains that are measured by
full field optical techniques (DIC and ESPI) are used.
The strain vector is multiplied by the stiffness matrix to
obtain the stress vector. All the elements of the stiffness
JMDA199 © IMechE 2007

Fig. 8

Stress calculation
measurements

method

using

strain
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Fig. 9 Tension/tension failure stresses calculated using strain measurements

The method has some inconveniences as stresses
are calculated using linear elastic constants. The
response of the material [(+45◦ −45◦ 0◦ )4 (+45◦ −45◦ )]
when it is tensioned along the fibre direction is almost
linear, but is totally non-linear transverse to the fibre
direction. The strength of the material due to this
inconvenience is overestimated. Figure 9 shows the
tension/tension failure envelope when the stresses are
calculated from the material properties and the strain
vector.

5

CONCLUSIONS

The combination of finite element simulations and
experiments performed on different cruciform geometry types using the digital image correlation technique for full field strain measurements, led to the
selection of a suitable geometry for biaxial testing
of fibre-reinforced composite laminates. This geometry has a reduced thickness in the central region
of the specimen, in combination with a fillet corner
between two arms inside the material. These features cause failure to occur in the biaxially loaded test
zone, rather than in the uniaxially loaded arms, giving failure strains comparable to strains obtained on
beamlike specimens for the uniaxial load ratios. The
digital image correlation technique used for full field
strain measurements offers significant advantages
over conventional techniques such as strain gauges.
The spatially resolved strains led to a better understanding of the behaviour of composites under biaxial
loads. The strain values obtained with the digital image
correlation technique are comparable to those calculated in the finite element simulations. Using the
Proc. IMechE Vol. 222 Part L: J. Materials: Design and Applications

proposed geometry strength, data was obtained for
different load ratios. An inverse method has been proposed to determine the elastic parameters (E1 , E2 ,
G12 , and ν12 ) of a glass fibre-reinforced epoxy with a
[(+45◦ −45◦ 0◦ )4 (+45◦ −45◦ )]-lay-up. Two specimen
geometries are used: a regular cruciform specimen
and a cruciform specimen into which a central hole
is drilled. The latter is made in order to enhance the
already heterogeneous deformation field. The method
is based on a finite element calculated strain field of
a cruciform specimen loaded in both orthogonal axes
and the measured strain field obtained by digital image
correlation. The obtained material parameters agree
reasonably well with the values obtained by traditional
uniaxial tensile tests. However, the results based on the
regular cruciform specimen without a hole, show less
variance than the results obtained with the perforated
specimen. This is possibly due to the fact that the digital image correlation technique has some difficulties
measuring steep deformation gradients, hence inducing errors in the measurement of the displacement and
strain maps. Further investigation is needed to clarify
this inconvenience. The objective of the experiment is
to enforce a material behaviour that exposes the different elastic material parameters. If this is achieved by a
non-perforated specimen, there is no need for a more
complex geometry that could possibly lead to further
measurement errors.
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APPENDIX
Notation
p
εexp
εnum (p k )

St

column vector of the parameter updates
of E1 , E2 , G12 , and ν12
column vector of the experimental
strains
column vector of the finite element
strains as a function of the four
parameters at iteration k
sensitivity matrix
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