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a b s t r a c t

In this paper, the influence of the geometrical design on the strain distribution in cruciform
specimens is investigated. It will be shown that geometrical discontinuities, such as the
milled zone and the fillet corners which are, respectively, introduced in the cruciform
specimen to obtain a more uniform biaxial strain distribution and to guide the loads into
the centre zone, result in local high strain concentrations. For this purpose, the digital
image correlation technique and the finite element method were employed to trace the
origin of these concentrations. It also appeared that the type of load, whether it was
applied in a uniaxial or biaxial way, had a minor influence on the observed strain
concentrations. The same conclusion could be drawn for the effect of the fibre orientation
on the development of these strain intensities. Moreover, this study reveals that the
geometrical irregularities lead to complex stress states which make the cruciform spec-
imen fail prematurely. This complicates the determination of the true ultimate biaxial
strength of a composite material.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

From the early seventies, many attempts have been
made by several researchers [5,8] to perform biaxial tests
on different kinds of polymer composites. Tubular speci-
mens were the earliest geometrical types that were used to
obtain a bidirectional stress state. One of the main reasons
why alternative geometries were explored for biaxial
testing applications was that the use of internal pressure, in
combination with axial or torsional forces, led to significant
built-up of stresses in the thickness direction [1,2]. The
dominant effect of these thickness stresses on the overall
stress state of the material indicated that these types of
tests could give an insight only into tubular-like
elamkanf@gmail.com
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applications such as pressure vessels. Consequently, in
other applications where the through-thickness stresses
and strains are negligible, flat specimens would be more
suitable to obtain more realistic stress–strain relationships
and, therefore, also better predictions for failure and
strength criteria could be expected. Besides the develop-
ment of a wide range of loading systems, a variety of cross-
shaped geometries have been investigated with always the
same and obvious requirement in mind: the load has to be
transferred in a proper way to the center zone of the
specimen, where the biaxial loading state is intended to be
built-up uniformly. The aim of this paper is to present
numerical and experimental results describing in detail
how this condition of uniform strain distribution in the
biaxial characterization of composite materials is affected
by discontinuities in the cruciform geometry. First, the
design philosophy which has been used by previous
researchers will be discussed briefly. This discussion is
necessary to position the investigated cross-shaped
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Fig. 1. Half moon pattern in x-direction (a) and y-direction (b) loaded specimen.

Fig. 2. Cracks initiated at the interface between the skew edges and the flat
zone of the milled area. Pulling out of the left hand of the cruciform leads to
final failure.
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geometry in the design field. Moreover, an accurate three-
dimensional finite element model has been developed to
acquire a fundamental insight in the geometrical parame-
ters that affect the load transfer to the center zone and to
discuss their consequences on the damage mechanisms.
Furthermore, the digital image correlation technique
(DICT) is used as a validation method for the numerically
obtained surface strains.

2. Current cruciform design philosophy

Previous research [4,10] showed that the design
requirement of a maximum uniform strain field in the
central area of the cruciform forms one of the main diffi-
culties in the biaxial testing of cruciform specimens. The
studies also pointed out that, therefore, a general design
philosophy for this type of experiment is difficult to obtain.
Nevertheless, one can divide the existing geometry types
into more or less three main categories: the cut type, the
reduced section type and the strip-and-slot type [4].
Whereas in the cut type the rounding radii are used at the
intersection of the arms to reduce the load sharing between
the arms and, therefore, to increase the load transfer to the
centre zone, the reduced section type has the aim of
leading the incoming load to the centre zone where
damage is expected to start. The strip-and-slot type is
mainly used in metallic alloys where it has the purpose of
reducing the effect of load sharing between the arms. This
latter type will not be a part of the discussion due the
difficulties one would face when trying to apply it to
composite materials. Therefore, only the effects of
a combination of the first two types will be discussed in
view of the design requirement mentioned above. The
current cruciform geometry studied in this paper belongs
to a combination of these two categories [6,7] and is also
a variation on the design used by Welsh [9].

3. Influence of geometrical discontinuities

It is of great importance to investigate where the strain
intensities such as the half moons, which are discussed in
Ref. [3], are actually originating from. As shown there, the
mismatch between the three-dimensional obtained surface
strains and the digital image correlation results, pointed
out that this could only be due to possible cracks at the
transition zone between the milled and un-milled area.
This was also the case as shown in Fig. 8 of Ref. [3]. In this
section a detailed study is presented showing that all strain
intensities found in the current cruciform are due to
irregularities in the geometrical design. These can be
divided in the milled area and the fillet corners. Also,
a phenomenon which is called here the strain relieved
zone, which is found just behind the central milled area in
the highest loading direction, is proven to have an impor-
tant influence on location of the strain intensities. In the
following paragraphs each of these zones is discussed
separately.



Fig. 3. Strains 3xz due to x-direction loading (a) and strains 3yz due to y-direction loading (b). Hereby the three top and bottom layers are disguised.
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3.1. Milled area

For this zone, the impact of the load direction on the
strain intensity is first studied. Two models are, therefore,
presented with loads applied in a uniaxial way: one in the
x-direction and the other in the y-direction. The respec-
tive values for the applied stresses, namely 281.27 N/mm2

and 73.059 N/mm2, give the same line load magnitudes as
those used in the shell model (Ref. [3]) which can be
obtained by simply multiplying the stresses with the
specimen thickness of 6.57 mm. In Fig. 1a and b it can be
seen that a half moon pattern is present in both models
with the highest values in the x-direction load case. The
implication of these strain concentrations, which start to
build up at lower load levels, can be found in Fig. 2 where
a DICT image is shown of a uniaxial test performed in the
x-direction at 80% of the biaxial ultimate load. It can be
clearly seen that a crack is initiated at the interface
Fig. 4. Strains 3xz due to x-direction loading (a) and strains 3yz due to y-direction loa
between the skew edges of the milled zone and the flat
area of this region. It has to be emphasized that this
photograph was taken at a moment where the load is still
applied on the arms, which opens the crack and makes it
clearly visible. The reason why the crack has not been as
clear as shown in Fig. 2 in most of the experiments is
believed to be twofold. The first is that for the cases
where the specimen was not loaded until the final failure,
the paint of the speckle pattern was bridging the crack.
This made it impossible to detect the anomaly due to
crack closure when the specimen was taken out of the
testing machine for inspection. A second reason is that,
for the cases where the specimens were loaded until final
failure, the brittle behaviour of the glass fiber and the
quick follow-up of final failure after crack initiation
obstructed the observation of this irregularity. It is,
therefore, assumed that Fig. 2 was taken at almost exactly
the time of complete failure. When the load is slightly
ding (b). Hereby all the layers are disguised except from the three top layers.



Fig. 5. Crack initiation at the [0�] milled layer and the [þ45�] un-milled layer for x-direction loading (a). Crack initiation between the milled the [�45�] milled
layer and [0�] milled layer for y-direction loading.
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increased, a very sudden failure mechanism takes place
where the left horizontal part of the specimen is torn out
of the rest of the specimen.

Further investigation of the numerical results reveals
that the position of the initiation of the crack can be
attributed to the presence of the load carrying [0�] fibres,
which are also responsible for high values of the inter-
laminar strains 3xz between the first milled [0�] layer and the
un-milled [þ45�] layer (Fig. 3a). A detailed image of these
strains is shown in Fig. 4a, where the highest values are
located at the mentioned interface and gradually vanish
along the base of the skew edge to the surface of the spec-
imen. It is believed that these effects are the main reasons
why the crack is initiated at the interface between the [0�]
milled layer and the [þ45�] un-milled layer, as shown in the
experimental proof of Fig. 5a. In the y-direction case, the
loads are primarily transferred through the [�45�] layers
leading to a gradual spread of the high inter-laminar strains
3yz over the entire skew edges in the y-direction. In Fig. 4b it
can even be seen that the concentration zone at the
discontinuity interface is also redistributed more than in the
case of Fig. 4a. This shift leads to the initiation of cracks
between the [�45�] milled layers and [0�] milled layer, as
found in the experiments (Fig. 5b). Nevertheless, the simu-
lations show that the inter-laminar strains remain high at
Fig. 6. Strains 3zz due to x-direction (a) and y-direction (b) loadi
the transition between the flat area of the milled area and
the skew edges (Fig. 3b). We believe that this is due to the
numerical tie, which is just an approximation, and will not
take place because the strains will already have been
redistributed due to the crack. Moreover, it can be seen in
Fig. 6a that just below the milled [0�] layer the 3zz values are
positive, whereas a small distance away from these skew
edges in the direction of the central zone they become
negative. This 3zz flip-over also contributes, in the x-direc-
tion loading case, to the crack initiation effect. This effect is
not occurring in the y-direction loading direction situation
(Fig. 6b) where the half moons remain visible, but with
magnitudes lower than in the x-loading direction. As
mentioned above, this is due to the fact that the load is
transferred directly through the [�45�] layers. With this, it is
clearly indicated that the load directions are not responsible
for the existence of these moons. The same conclusion can
also be drawn for the fibre directions, as seen in Fig. 7a,
where a pure [0�]14 lay-up has been simulated. Also, the
change of the stacking sequence into a pure [�45�]7 lay-up
does not make the concentrations vanish (Fig. 7b). There-
fore, we can conclude that the introduction of the surface
discontinuity is responsible for the existence of these half
moons at the transition between the skew edges and the flat
zone of the milled area.
ng. Hereby the three top and bottom layers are disguised.



Fig. 7. Influence of the fibre directions on the 3xz strains : [0�]14 lay-up (a) and [�45�]7 lay-up (b). Biaxial loading is applied.
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3.2. Strain relieved zone

Another phenomenon that marks all the above simu-
lations is the presence of a relief area just outside the milled
region in the direction of the highest load. It seems that the
load that is introduced in the arms changes its direction
and leaves an area of low stresses and strains behind. These
relieved areas act as a deviator for the load paths which
change their trajectories towards the outer boundaries.
Moreover, these zones can be observed through all the
layers of the stacking sequence, even in the case of a two-
dimensional model (see Ref. [3]) as shown in Fig. 8a. This
points out that the phenomenon is caused by in-plane
effects. It is, therefore, interesting to notice that these
elliptical areas are always formed just at the transition of
the two rounding radii that are introduced in the material
Fig. 8. Relieved area in between the two corner radii : the two-d
to lead the loads into the central area. It appears that just
the contrary happens. In the next paragraphs this is proved
by disregarding the three top and bottom milled layers due
to the aforementioned in-plane effect of these relief areas.

3.3. Rounding radii

As mentioned above, it is seen from the simulations that
the load trajectories are deviated towards the corners,
resulting in strong stress and strain concentrations in the
vicinity of the transition zone between the inner circle and
the outer rounding circle. From there the load is then
principally transferred to the centre zone, leaving the
relieved zone behind. This can be clearly seen in Fig. 8b.
Moreover, when the deformation scale factor is increased
in the finite element models, a new phenomenon appears:
imensional case (a) and the three-dimensional model (b).



Fig. 9. Strains 3xx in [�45�/0�] lay-up model without milled layers at the inner (a) and the outer (b) rounding circle in a x-direction loading case. Bulging (a) and
contraction (b) effect is respectively shown.

Fig. 10. Strains 3xx in a pure [0�] lay-up model without milled layers at the inner (a) and the outer (b) rounding circle. Bulging (a) and contraction (b) effect is
respectively shown.
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at the transition zone between the inner and outer circle
(detailed Fig. 2 found in [3]), the cross-section of the arm
changes respectively from a bulged (Fig. 9a) to a contracted
(Fig. 9b) form. This could be a possible reason why the
introduced loads in the arms are deviated towards the
rounding radii, leading to the existence of the high strain
intensity zones in those areas. Furthermore, this effect is
observed irrespective of the load direction and the fibre
orientation of the material. This is confirmed by simula-
tions depicted in Fig. 10a and b where all the layers are
changed to [0�] layers. Even in the case where the material
properties of the cruciform are changed into those of an
isotropic material, the concentrations at the corner radii
remain unchanged. The contraction and bulging effect also
holds in the case where the load direction is changed from
the x-direction (Fig. 9a and b) to the y-direction on the
[�45�/0�] stacking sequence model without milled layers.
Therefore, it can be concluded that, besides the milled area,
the rounding radii also disturb the load transfer in
a significant way, leading to the initiation of the first cracks,
as shown in Figs. 4 and 5.

4. Conclusions

In this paper, the influence of geometrical discontinu-
ities on the strain distribution in biaxially loaded specimens
is studied. A mixed experimental numerical approach,
based on the finite element method and the digital image
correlation technique, showed that the mismatch in strain
values is due to the existence of a crack at the transition
zone between the central milled and surrounding un-milled
area. It is also proven that these strain concentrations are
independent from the load direction and the type of load,
leading to the only remaining option that the milling out
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itself is responsible for these strain concentrations.
Furthermore, it is found that the existence of a relieved zone
in the direction of the highest load, just behind the milled
area, diverts the incoming load trajectories to the corners,
resulting also in high intensity zones there. It can, therefore,
be concluded that these geometrical discontinuities have
a major influence on the strain distribution, inducing the
cruciform to fail prematurely before the ultimate biaxial
strength is reached.
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