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 A B S T R A C T

Defects in glass fibre-reinforced polymers (GFRP), especially fibre misalignments, are a well-known issue 
affecting structural performance. This paper investigates how the position of such misalignments influences 
the mechanical behaviour to deepen the understanding of their influence. GFRP cross-ply laminates with 
11 fibre layers were fabricated using the resin transfer moulding process, containing four different types 
of fibre misalignments. Subsequently, the specimens were evaluated by computed tomography scans and 
ultrasonic testing and experimentally investigated under tensile, compressive, and bending loading. The 
obtained mechanical properties were also compared with simulation data. The results of the mechanical tests 
show that the strength reduction varies greatly depending on the load case, the type of misalignment and its 
position. Undulations in tensile tests can lead to a strength reduction as low as 8 %, while a single fold located 
outside the middle layer can reduce the compressive strength by up to 37 %. In service life tests, the effect is 
even more pronounced. In the worst case, the presence of multiple defects can reduce the service life by up 
to 94 %. The simulation results showed that a local displacement of individual layers does not represent the 
extent of undulations and that existing simulation approaches need to be revised and extended. The results of 
the experiments and simulations demonstrate that both the presence and the position of fibre misalignments 
significantly affect the material behaviour and are likely underestimated in current research.
1. Introduction

As a result of their excellent specific mechanical properties and 
corrosion resistance, fibre-reinforced polymers (FRP) are a widely used 
construction material. In recent years, more and more fibre-reinforced 
composite parts are used in heavy-duty applications [1–4]. As a conse-
quence of high loads, the size and wall thickness of FRPs are generally 
increasing, resulting in thicknesses of up to 100 mm for wind turbine 
blades [5]. Due to the statistically distributed number of defects, thicker 
composite parts often display more defects in total compared to smaller 
parts. Similarly, increasing size also leads to manufacturing deviations. 
This can lead to residual stresses resulting in fibre misalignments [6–8] 
or other defects, such as voids, dry spots, etc. [9–13]. These defects 
are commonly known to result in stress concentrations and ultimately 
lead to a reduction in mechanical properties [14–18]. Because it is 
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nearly impossible to create defect-free structures economically, it is 
important to understand how these defects affect the failure behaviour 
of composites. To analyse and better understand their effects on me-
chanical properties, it is necessary to introduce reproducible defects in 
composite parts and systematically investigate their impact [19].

Although numerous studies have investigated the influence of de-
fects on the mechanical properties of FRPs for individual load cases, 
the effect of the position of such defects on the overall laminate 
behaviour has received comparatively little attention so far. Fibre 
misalignment is one of the most common manufacturing defects and 
can be classified into in-plane undulations, misalignments within a ply, 
and out-of-plane undulations, misalignments in the thickness direction 
of the laminate [20]. In thick laminates, these defects typically occur 
randomly, so that misalignments near the surface are just as likely 
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as those in the mid-plane. It is known from previous studies that 
induced delaminations tend to become more critical the closer they 
are located to the outer surfaces of a laminate [21]. Furthermore, 
fibre misalignments and other local defects often act as initiation sites 
for delamination [22,23]. Based on this knowledge, the present study 
aims to investigate not only whether fibre misalignments affect the 
overall mechanical behaviour of the composite, but also to what extent 
their position through the laminate thickness influences the material 
response.

For this study, glass fibre-reinforced polymers (GFRPs) that contain 
typical types of in-plane or out-of-plane fibre misalignments were 
produced. The specimens were then evaluated by X-ray computed 
tomography scans (CT) as well as ultrasonic testing and experimentally 
investigated under tensile, compressive, and bending loading at room 
temperature. Finally, these results were compared with simulation 
results to check how well standard simulation programmes can estimate 
the effects of fibre misalignments.

2. Materials and methods

2.1. Manufacturing of GFRP plates and test specimens with defined fibre 
misalignment

The investigated GFRP was manufactured using the resin transfer 
moulding process. The matrix material is Loctite MAX 2 (Henkel Adhe-
sives, Germany), a widely used high-performance polyurethane system 
with a tensile stiffness of 2.9 GPa, a tensile strength of 84.3 MPa, and a 
glass transition temperature (𝑇g), defined via DMA as the maximum 
of the loss modulus 𝐸′′, of approximately 115 ◦C [24]. The fibre 
reinforcement is a woven 2 × 2 twill glass fibre fabric 05507-FK144 
(Valmiera Glass, Latvia) with an areal weight of 280 g/m2 and a warp 
tensile strength of 300 N/cm [25]. After laying the fibre layers by 
hand, the infusion and curing process was carried out according to 
the manufacturer’s recommendation: one hour at 80 ◦C and an addi-
tional hour of post-curing at 150 ◦C. Differential scanning calorimetry 
(DSC) confirmed that the resin system reached full cure under these 
processing conditions.

Independent of the type of experiment, all specimens have a thick-
ness of 2 mm with 11 layers of glass fibres. A resulting fibre volume 
content of 41.2% was determined by weighing the samples before 
and after burning off the polymer matrix at 550 ◦C. Using the known 
densities and the measured mass fractions, the fibre volume fraction 
was then calculated. The specimens for the quasi-static and fatigue 
tensile tests have a width of 25 mm and a length of 230 mm including 
40 mm tabs on each side for load introduction. This results in a free 
test volume of 150 ∗ 25 ∗ 2 mm3, which corresponds to DIN EN ISO 
527-4 [26]. The test specimens for compression tests, on the other 
hand, have a width of 15 mm and a total length of 150 mm, including 
67.5 mm long tabs glued on both sides. The resulting free test volume of 
2 
15 ∗ 15 ∗ 2 mm3 is designed against Euler buckling [27]. According to 
DIN EN ISO 14125 [28], the bending specimens have a width of 15 mm 
and a length of 60 mm. Fig.  1 gives a schematic representation of the 
respective specimen geometries and the position/size of the installed 
misalignments.

In addition to the reference specimens, four different variations in 
fibre misalignment were created. The four defects are in-plane undu-
lation, wrinkle, fold, and a superposition of in-plane undulation and 
fold. Furthermore, the misalignments are located at various positions 
in the thickness direction depending on the load case. For reasons 
of simplification, the manufacturing process is only described for the 
construction of the misalignment in the middle layer. Misalignments in 
other layers were applied congruently. To create out-of-plane undula-
tions, two different methods were used. To reproduce a wrinkle, a glass 
fibre strip with a width of 10 mm and a thickness of 0.3 mm was laid on 
the fifth ply. These fibres were orientated in 90◦ to minimise the effect 
of additional fibres on mechanical properties. This procedure leads to 
reproducible undulation angles as can be seen in other studies [29,30]. 
The second out-of-plane misalignment is a fold, an undulation, which 
leads to the ply touching itself. To create a fold, the sixth ply was 
first creased with the help of a steel sheet and then folded back. Then 
it was bent again with the help of a second steel sheet and aligned 
back in the original direction. The use of 10 mm wide sheets also 
results in a fold length of roughly 10 mm. The additional weight of 
the following layers stabilises the fold and allows the steel sheets to be 
pulled out. To create a reproducible in-plane undulation, the sixth ply 
gets a 40 mm cut in the middle and is then pulled to the edge of the 
RTM mould. More specifically, the ply rim is glued to a GFRP strip, 
which is likewise glued to a spacer in the mould. This setup allows to 
vary the amount of undulation by changing cut-length, strip size, or 
spacer size. In this study, it was used to guarantee a misplacement of 
10 mm per side and 20 mm in total. The superposition consists of a 
fold on the second layer and an in-plane undulation in the sixth layer. 
The respective misalignments were introduced in the same way as for 
the individuals. The manufacturing process is described in more detail 
in a previous study [31].

After plate manufacturing, specimens were cut to size using a 
high-precision ATM Brillant 265 saw (ATM Qness GmbH, Germany). 
To avoid shear forces and minimise edge effects, all corners were 
rectangular and the edges polished.

To ensure that the results obtained are also statistically validated, 
several specimens per misalignment were tested for each load case. In 
quasi-static tests, at least five specimens and in fatigue tests, at least 
two specimens per load level were examined. In addition, specimens 
were taken from different plates to minimise the risk that the measured 
values are caused by unintentional defects during the manufacturing 
process.
Fig. 1. Schematic representation of specimen geometries displaying the fibre misalignment position (blue) and tabs (striped).  (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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2.2. Test setup

Before testing, all specimens were dried for 24 h at 40 ◦C under a 
vacuum, to minimise the moisture content and stored additional 24 h 
under testing conditions.

Quasi-static tensile tests were carried out on a 100 kN univer-
sal testing machine (ZwickRoell GmbH & Co. KG, Germany) true to 
DIN EN ISO 527-4 [26]. Hydraulic clamping jaws with 100 bar holding 
pressure and a multiextensometer for strain measurement were used for 
the tests. The test speed was 2 mm/min.

Compression tests were performed using a 400 kN universal testing 
machine (ZwickRoell GmbH & Co. KG, Germany) at a testing speed 
of 1 mm/min. To avoid slippage, the machine was equipped with 
hydraulic grips (IMA Dresden, Germany), which gripped the specimen 
tabs with a pressure of 250 bar. The tests were conducted in accordance 
with ASTM D6641 [27].

The 3-point bending tests were performed on a 10 kN univer-
sal testing machine (ZwickRoell GmbH & Co. KG, Germany). The 
geometry and the test parameters were selected in accordance with 
DIN EN ISO 14125 [28]. The support distance was therefore 40 mm, 
and the test speed 1 mm/min.

The fatigue tests were performed on a universal hydraulic testing 
machine (Instron-Schenk, Germany) with sinusoidal cyclic loading, 
equipped with hydraulic grips and a loading capacity of 63 kN. The 
clamping jaws had a holding pressure of 100 bar, the stress ratio was 
0.1 and the frequency was 3 Hz.

3. Visualisation and detection of the introduced fibre misalign-
ments

3.1. Visualisation and description via X-ray CT scan

For a precise and 3D revealing analysis of how misalignments affect 
the fibre architecture, a high resolution CT-system V|tome|x-L 450 (GE 
Phoenix X-ray, USA) was used. To achieve visualisation of the entire 
misalignment area, a 300 kV microfocus X-ray direct beam tube was 
operated with an accelerating voltage of 90 kV and an electrical tube 
current of 70 μA. The opposite flat panel detector area was 2006 × 2016 
pixels. As a result, a resolution of 20 μm was achieved according to 
the calibration. Fig.  2 shows the resulting CT scans of representative 
specimens with fibre misalignments.

The CT scan of the in-plane undulation clearly shows that the 
corresponding layer is rotated and has a parabola-like shape. The apex 
is characterised by a lower fibre volume fraction. Next to the apex, the 
layers form a homogeneous fibre misalignment, in this case with an 
angle of 53◦. This angle is at the upper end to what Riddle et al. [32] 
measured as typical in-plane undulations in wind turbine blades. It can 
also be seen that the fibres in this area are more compact compared to 
not only the resin-rich zones around the apex but also to the defect-free 
areas. As expected, this misalignment has no influence in the thickness 
direction as can be seen in the x-z view (red). In the right part of the x-z 
view, the affected fibres are visible as ellipses, as is usual for diagonal 
fibre layers.

Regarding the wrinkle, the 10 mm GF strip used for the undulation 
is clearly visible in the CT scan. In the thickness direction, it can 
clearly be seen that the 0.3 mm thick strip forces the surrounding 
layers to be aligned at an 8◦ angle, resulting in the formation of a resin 
pocket. The set angle of 8◦ is one of the most common out-of-plane 
misalignments in wind turbines [33]. However, the resulting resin 
pocket in this area is relatively small. Due to the inserted GF strip, the 
local fibre volume fraction in this region increases accordingly. Ignition 
loss measurements showed an increase from 41.3% in defect-free areas 
to 46.1% in the wrinkle region.

The built-in fold is clearly visible in the top view. The touching 
layers look like a kind of spiral. As the layers lie parallel on top of 
each other without pressure, they are bent slightly to the side during 
3 
compaction, resulting in this fibre geometry. It is clear to see, in the 
thickness direction, that the fold has a very large influence on the 
fibre architecture and also results in a resin pocket. This resin pocket 
is significantly larger than that in the wrinkle. In addition, similar to 
the wrinkle, there is also an out-of-plane undulation of the surrounding 
layers. Due to the nature of this defect, the effective number of plies 
increases from 11 to 13 in this region. This effect was also confirmed 
by ignition loss measurements, showing that the local fibre volume 
fraction reaches 48.3% in the folded area.

The superposition shows the same characteristics as the single mis-
alignments in-plane undulation and fold. The CT-scan of the sixth layer 
clearly shows how the fibres shift due to the in-plane undulation. In 
the thickness direction, the fold, including the resulting resin pocket, 
is still clearly recognisable. As with the single fold, this defect leads to 
an increased local fibre volume fraction in the affected region.

3.2. Fibre misalignment detection and characterisation via ultrasonic testing

In addition to investigating the influence of defects on mechanical 
properties and failure behaviour, the detection of these defects is also 
of great importance. Due to the influence of fibre misalignments on the 
directional stiffness, it can be assumed that these defects will also affect 
the propagation behaviour of acoustic waves. The evaluation of this can 
therefore be used as a testing approach with which misalignments can 
be detected non-destructively. Although conventional ultrasonic testing 
is not suitable for this particular test case, there are two ultrasonic 
testing methods that can be used to characterise the anisotropic prop-
agation behaviour of elastic waves in composite materials: the phase 
velocity evaluation of Lamb waves and testing with linear polarised 
shear waves using the birefringence effect [34].

Lamb waves are elastic waves that propagate within solid plates. 
They show a dispersive behaviour. The propagation velocity is there-
fore dependent on the frequency as well as the thickness of the plate, 
the elastic constants, and the density of the material. Depending on the 
excitation frequency, two basic modes of Lamb waves occur: symmetric 
(S) and asymmetric (A) modes.

The phase velocity of the asymmetric 𝐴0-mode can be derived for 
small 𝜔𝐷 approximately from the following equation [35]: 

𝑣𝐴0
= 4

√

𝐸
3𝜌(1 − 𝜈2)

√

𝜔𝐷
2

(1)

with the young’s modulus E, the density 𝜌, the Poisson’s ratio 𝜈, the 
angular frequency 𝜔 and the thickness of the specimen 𝐷. As the 
equation shows, it is possible to estimate small deviations of the young’s 
modulus by measuring the phase velocity 𝑣𝐴0

.
The phase velocity of the Lamb waves was measured four times 

along the longitudinal axis of the specimens using air-coupled ultra-
sonic testing in a one-sided re-emission arrangement. Such a test setup 
is very sensitive to the fundamental asymmetric mode of Lamb waves, 
which is why this mode is used for further considerations. The test 
setup consisted of two 200 kHz transducers (Ultran Group, USA), a 
46 dB low noise amplifier (Inoson GmbH, Germany) and the ultrasonic 
testing device UltraSCOPE AIR (Dasel SL, Spain). The results of these 
experimental investigations are shown in Fig.  3.

It can be seen that the defect-free test specimen has the lowest phase 
velocity 𝑣𝐴0

 of all specimens. Following Eq.  (1), a misalignment-related 
increase in stiffness can be suggested, as the thickness of the specimen 
𝐷 and the angular frequency 𝜔 are identical for all tests performed. 
This is most likely due to the local increase in the fibre volume content, 
which is present in the misalignments wrinkle, fold, and superposition 
as a result of the artificial misalignment preparation. However, the 
interpretation of the phase velocity of the 𝐴0-mode can be considered 
as complex, since the expected decrease in tensile or compressive 
strength cannot necessarily be derived from a misalignment-related 
local increase in the Young’s modulus.
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Fig. 2. CT scans in isometric, top (green), and side (red) view of the representative specimens with the investigated fibre misalignments in the middle layer.  (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 3. Phase velocity of the first asymmetric lamb wave mode 𝐴0.
4 
When testing with linear polarised shear waves, the direction-
dependent transverse phase velocity was measured along (∥) and 
transverse (⟂) to the longitudinal axis of the test specimen. The results 
provide an indication of the stiffness of the laminate, as phase velocities 
can be analytically calculated with the Eqs. (2), the density 𝜌, and the 
directional shear moduli 𝑐55 and 𝑐44 derived from the elasticity tensor. 

𝑣𝑡∥ =
√

𝑐55
𝜌

𝑎𝑛𝑑 𝑣𝑡⟂ =
√

𝑐44
𝜌

(2)

In order to characterise the in-plane fibre structure and therefore 
to detect fibre misalignment, a degree of anisotropy 𝐴 was calculated 
with the two-phase velocity according to 𝐴 = (1 − 𝑣𝑡⟂

𝑣𝑡∥
) ∗ 100%. The 

experiments were performed with a 1 MHz shear wave transducer 
(Evident Scientific Inc., Japan) and the ultrasonic testing device RAM-
5000 (Ritec Inc., USA). The experimental results are summarised in 
Table  1:
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Table 1
Influence of fibre misalignments on the transversal phase velocity and the degree of anisotropy.
 Reference In-plane undulation Wrinkle Fold Superposition 
 𝑣𝑡∥ in m/s 1299.43 1294.46 1318.55 1424.21 1415.44  
 𝑣𝑡⟂ in m/s 1300.50 1315.63 1363.51 1415.33 1429.98  
 𝐴 in % −0.08 −1.64 −3.41 0.62 −1.02  
In the case of an in-plane undulation, a slight reduction in 𝑣𝑡∥
and an increase in 𝑣𝑡⟂  can be observed due to the deviation in fibre 
orientation, resulting in 𝐴 < 0%. The wrinkle leads to a slight increase 
in 𝑣𝑡∥  but to a significant increase in 𝑣𝑡⟂  and thus to 𝐴 ≪ 0% due to the 
additional glass fibre layer in the 90◦ direction. Due to the additional 
fibres in the fold, a slight increase of both phase velocities can be 
observed, leading to 𝐴 > 0%. The superposition results are particularly 
striking, since they suggest that the anisotropy of misalignments can be 
summed up, as demonstrated by the combination of the misalignments 
in-plane undulation and fold in the superposition test specimen.

4. Experimental results and discussion

4.1. Quasi-static tensile tests

In order to gain a general understanding of the influence of mis-
alignments on the mechanical behaviour of GFRP, quasi-static ten-
sile tests were carried out. Fig.  4 shows the individual strengths and 
stiffnesses.

It can surprisingly be seen for the stiffnesses (Fig.  4 (left)) that 
the reference specimens have the lowest stiffness at 23.6 GPa, while 
the specimens with an in-plane undulation have, with 24.1 GPa, only 
a slightly higher stiffness. The fold and the superposition lead to 
stiffnesses of 24.9 GPa and 25.0 GPa and the wrinkle even results in a 
stiffness of 26.1 GPa. Therefore, misalignments, especially in specimens 
with out-of-plane undulations, result in stiffnesses higher than that of 
the reference specimens. However, the increase is with 5% for the 
fold, 6% for the superposition, and 11% for the wrinkle still within 
the range of standard deviations. According to Wu et al. [36], little to 
no stiffness reduction was found, while other studies [33,37] measured 
a decrease in stiffness caused by misalignments. At first sight, such a 
reduction also seems comprehensible, but one possible explanation lies 
in the fibre architecture of the misalignments. The additional fibres that 
produce the undulations in the thickness direction, namely wrinkle and 
fold, lead to a higher local fibre volume content. The measurement of 
elongation on the Z100 testing machine was carried out using a multi-
extensometer. The elongation, and therefore the stiffness, is measured 
by the relative displacement of two blades in relation to each other. The 
blades are 50 mm apart by default. As a result, changes in elongation 
in this area are taken more into account. Therefore, it can be assumed 
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that the measured differences between the various configurations are 
significantly smaller over the entire size of the test specimen. However, 
it can be seen that, in terms of stiffness, there appears to be a conflict 
between the ‘ideal’ fibre orientation and a higher fibre volume fraction. 
This apparently leads not only to no reduction, but in extreme cases 
even to an increase in local stiffness, which is in line with the results 
obtained via NDT methods in Section 3.2.

Looking at the strength values in Fig.  4 (right), it can be seen that 
the reference specimens have the highest strength of 467.9 MPa. The in-
plane undulation and wrinkle lead to relatively similar strength values 
of 429.7 MPa and 428.1 MPa. The fold’s strength is slightly lower with 
420.0 MPa and even though this is the highest strength reduction of 
all individual misalignments it is still relatively moderate because the 
resin pocket is not so relevant under tensile loading [30]. The strength 
reductions of the specimens with a single misalignment are in the range 
between 9 and 11%, which corresponds almost exactly to the number 
of plies that are directly affected, which is also 1/11 ∼9%. Therefore, a 
misalignment leads to at least the reduction in strength by the relative 
volume fraction of the affected layer. However, a reduction in strength 
of 32% to 318 MPa occurred with the superposition of misalignments. 
This reduction is even higher than the simple addition of the individual 
reductions of in-plane undulation and fold. A combination of several 
misalignments leads to increased stress concentrations in the laminate 
and, as a result of the occurrence of the fold outside the centre layer, to 
residual stresses in the laminate. These aspects favour damage initiation 
and growth and could explain the very high reduction in strength. 
With regard to the stress concentration, it can also be seen that most 
of the specimens tested broke in and around the misalignment. The 
crack has either grown through the test specimen at the misalignment 
or has previously spread within the misalignment, as shown in Fig.  5. 
No further change was observed between the damage behaviour of the 
defect-free specimens and the specimens with misalignments or within 
the specimens with misalignments.

The mechanical results obtained are difficult to directly compare 
with other values in the literature, as there are a high number of factors 
(stacking sequence, type and size of the misalignment, etc.) that influ-
ence the reduction in strength. A good overview of characteristic values 
can be found in Kulkarni et al. [38]. Tests with in-plane undulations 
have shown strength reductions between 10 and 15% [36,37,39,40]. 
For wrinkles, literature values vary widely, ranging from about 14% to 
Fig. 4. Tensile stiffnesses (left) and strengths (right) of specimens with and without fibre misalignments.
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Fig. 5. Failure modes after quasi-static tensile tests for representative specimens with fibre misalignments. Failure occurs either through the misalignment (red) or along/parallel 
to the misalignment (blue).  (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
over 25% [33,41]. Woigk et al. [42] also investigated superpositions 
and found that a combination of misalignments can be more critical 
than the sum of the individual misalignments. The results of this study 
are consistent with this general observation.

4.2. Quasi-static compression tests

Fig.  6 shows the results of the quasi-static compression tests. The 
stiffnesses are shown on the left part of the figure. For most misalign-
ments, no significant drop in stiffness can be recognised between the 
reference specimens and the misalignment types. As an exception, in-
plane undulations are affected to a small extent, which is basically to 
be expected, as these effectively have one ply in which parts of the 
fibres are no longer in the 0◦ direction, but at an angle of 55◦. The 
other configurations show no reduction in stiffness, or in some cases 
even an increase. This observation is initially unintuitive and does not 
agree with most values in the literature, which have found a reduction 
in stiffness as a consequence of imperfections [40,43,44]. However, on 
closer inspection, the results are understandable as these imperfections 
are caused by additional fibres and a higher local fibre volume content, 
as described in the previous section.

The strength values are shown on the right-hand side of the Fig. 
6. First, it is clear to see that the reference specimens have the high-
est strength with 354.7 MPa. Normally, the failure of compression 
test specimens is divided into four steps: uniform deformation, elastic 
buckle, kink band, and shear failure. The misalignments favour local 
buckling and thus accelerate the usual growth of damage [45]. For 
this reason, it is only logical that misalignments reduce the strength. 
For specimens with in-plane undulations, it can be seen that they 
yield a lower strength, regardless of the position of the misalignment. 
It can also be seen that the reduction in strength decreases when 
the misalignment is more centred (in relation to the thickness). The 
respective strength values are 306.4, 290.9, and 280.6 MPa. This 
behaviour is expected, as the misalignment is better supported deeper 
in the specimen [46]. Misalignments close to the edge of the specimen 
favour early initiation of damage and, as a consequence, local buckling, 
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which ultimately leads to global failure. Both the wrinkle with 286.1, 
264.0, 309.8 MPa (outside to centre) and the fold with 235.1, 224.9, 
270.1 MPa lead to significantly reduced strength values. However, they 
do not follow the same trend as the in-plane undulation with respect to 
the dependency between strength and misalignment position. In these 
configurations, the minimum strength is when the misalignment in the 
fourth layer and not on the edge. Microscopy images of specimens 
with out-of-plane undulations in the second or sixth layer, which are 
not shown here due to lack of space, show that the misalignment on 
the second layer is ‘restricted’ in thickness direction due to the mould 
and can therefore negatively affect fewer layers. The misalignment is 
more critical if more layers are undulated due to provoked microbuck-
ling [47]. The misalignment on the fourth layer appears to represent 
the ‘optimum’, in which as many layers as possible are influenced, 
but the asymmetrical behaviour of the material and the resulting local 
buckling still occurs. In the case of the superposition, the strength value 
is reduced to 247.2 MPa. The strength reductions are generally higher 
than those in the tensile tests. Compression therefore appears to be 
more critical as a load case for areas with misalignments, presumably 
due to the microbuckling already mentioned. However, no differences 
between the various configurations can be deduced regarding the fail-
ure modes of the different specimens due to the relatively small free 
test volume.

Similar to the tensile results, a direct comparison of the measured 
influence of misalignments on mechanical properties with other studies 
is challenging due to significant variations in misalignment size and 
fibre layup. Kulkarni et al. [38] provide a useful overview of typical 
ranges reported in the literature. For example, Mandell et al. [37] inves-
tigated in-plane undulations in quasi-isotropic carbon fibre-reinforced 
polymers (CFRP) and reported a strength reduction of 13%. Adams 
et al. [48] found that an in-plane undulation could reduce the strength 
by up to 30% in GFRP specimens. Similarly, wrinkles in CFRP cross-ply 
laminates have been shown to cause strength reductions of up to 35% 
when 33% of the plies are affected [43]. Mukhopadhyay et al. [40] 
demonstrated that in quasi-isotropic CFRP, waviness angles of 5.6◦, 
9.9◦, and 11.4◦ resulted in strength reductions of 18, 33.5, and 32.9%, 
respectively. Nimbal et al. [44] reported similar reductions (31.3%) for 
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Fig. 6. Compressive stiffnesses (left) and strengths (right) of specimens with fibre misalignments in different layers compared to defect-free specimens.
unidirectional lamina. In the study by Adams et al. [49], 20% of the 
load-bearing fibres were affected instead of 1/11 directly, which led to 
a strength reduction between 12 and 14% for the same aspect ratio.

4.3. Quasi-static three-point bending tests

Bending tests result in a linear strain distribution throughout the 
thickness of the test specimen. Compressive stresses are formed on the 
upper side of the specimen and tensile stresses on the lower side. The 
maxima of these stresses are found on the surface and the centre layer 
has no tensile or compressive stresses but the maximum shear stresses. 
In this study, the misalignment position is counted from the bottom of 
the test specimen. For example, in-plane undulation in the second layer 
therefore means that the in-plane undulation is on the tension side.

It can be seen in Fig.  7 (left) that the reference specimens and 
specimens with an in-plane undulation in the sixth layer have almost 
the same stiffnesses with 22.4 and 21.9 GPa respectively. Since the 
misalignment is in the neutral position, this is expected. Otherwise, 
in-plane undulations lead to a reduction in stiffness on both the com-
pression (16.8 GPa) and tension (18.0 GPa) sides. The wrinkle in the 
centre of the test specimen results in a higher stiffness of 23.1 GPa. This 
is in accordance with Steiner’s theorem, because the load-bearing layers 
are displaced further outward. Unfortunately, the standard deviation is 
relatively high for the wrinkle on layers two and ten, but it can still 
be seen that this leads to reduced stiffnesses of 21.2 and 21.1 GPa. 
However, this change is smaller than for the in-plane undulations, pre-
sumably because more fibres lie in the area of the maximum deflection. 
The stiffness of specimens with folds in the centre layer is, also due to 
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Steiner’s theorem, increased to 25.1 GPa. In addition, the specimens 
with an off-centre fold still have a similar stiffness to the reference 
specimens with the fold in the second layer to result in 23.5 GPa and 
in tenth layer 22.8 GPa. As in the previous tests, this may also be due 
to the locally higher fibre volume fraction.

Analogous results emerge for the strength values (Fig.  7 (right)). The 
reference specimens and specimens with an in-plane undulation in the 
centre have with 508.4 MPa and 509.1 MPa almost identical strength 
values. Out-of-plane undulations like the wrinkle, and the fold at the 
‘ideal’ position in the centre lead to an increase in strength up to 521.1 
and 545.4 MPa. Otherwise, all misalignments outside of the centre layer 
lead to a reduction in flexural strength. It is also recognisable that it 
is more critical for all misalignment types if the misalignment is on 
the tensile side (2. layer) than on the compression side (10. layer). 
However, since the reference specimens also fail on the tensile side, this 
observation is understandable as defects lead to a stress concentration 
in addition to the usual load. Depending on the test specimen, the 
damage has grown to different depths in the test specimen. Fig.  8 
clearly shows, for a specimen with a fold on the tension side, that a 
crack runs through the test specimen at the fold or through the resin 
pocket directly next to it. In contrast to the quasi-static tensile test, 
the crack follows the contour of the defect very precisely, although the 
defect is not located at the point of maximum deflection. This defect 
weakens the fibre architecture to such an extent that crack initiation 
does not take place at the point of highest elongation. Even if there is 
a clear reduction in strength in the two other types of misalignments, 
the associated damage patterns differ only slightly from the reference 
specimens.
Fig. 7. Bending stiffnesses (left) and strengths (right) of specimens with fibre misalignments in different layers compared to defect-free specimens.
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Fig. 8. Failure during bending test of a specimen with a fold on the tension side. Fracture through the resin pocket close to the fold; highlighted and zoomed in.
In the current test, the misalignments was centred under the load 
application. It can be assumed that the strength reductions will be even 
greater if the test specimens are positioned so that the edge of the 
imperfection overlaps with the maximum strain.

Although the literature provides limited data on the effect of mis-
alignments on flexural behaviour, Allison et al. [50] reported a strength 
reduction of 26% for localised wrinkles. During four-point bending 
tests, in another paper [11], it was concluded that misalignments 
on the tensile side are more critical, and wrinkles of a comparable 
misalignment size showed a strength reduction of ≈15%.

4.4. Numerical investigation of in-plane undulations

In order to investigate the theoretical influence of in-plane un-
dulations on the quasi-static strength and stiffness of fibre-reinforced 
polymers, a numerical framework was implemented in Abaqus/Ex-
plicit and compared with the experimental results. For the simulation 
of tensile and compressive loading, the geometric model was con-
structed according to the dimensions shown in Fig.  1. The laminate 
was discretised using continuum shell elements (SC8R), with each layer 
represented by a separate set of these elements. The layers were stacked 
to replicate the multi-layered structure of the composite material. In the 
region representing the misalignment, one layer rotation is incremen-
tally rotated to model the effect of in-plane fibre misalignment of the 
laminate (see Fig.  9). A complete 45◦ shift of the layer represents the 
most significant impact and thus serves as the ‘‘worst-case’’ scenario. 
As in the experimental procedure, the impact of the through-thickness 
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position of the defective layer was varied to comprehensively assess its 
effect on the mechanical properties of the laminate.

To accurately capture the constitutive behaviour of the fabric, the 
well-established continuum damage model Abq_Ply_Fabric [51] was 
used as the material model. This model was accessed via a built-in 
VUMAT subroutine in Abaqus/Explicit. It is particularly well-suited 
for simulating progressive damage, stiffness degradation, and plasticity 
effects under a wide range of loading conditions for fabric composites. 
Here, the elastic behaviour was modelled as orthotropic and defined 
in a local coordinate system aligned with the principal fibre directions. 
The material description incorporated progressive damage mechanisms 
in both the fibres and the matrix, employing distinct damage variables 
for tensile and compressive failure modes along the fibre directions, 
as well as for shear-induced matrix cracking. The evolution of damage 
is captured by the intra-laminar fracture energies given as material 
properties, ensuring consistent energy dissipation during failure. Ad-
ditionally, the subroutine captures a non-linear shear response, which 
reflects the plastic deformation and stiffness degradation of the matrix 
under shear loading. This response is characterised by a yield function, 
a hardening law, and the associated evolution of damage. For a de-
tailed explanation of the underlying principles and mechanisms of the 
material model, the reader is referred to [51].

To ensure accurate results, the model calibration was mostly based 
on standard experimental procedures. The shear damage needs to 
be calibrated using cyclic tensile tests on ±45◦ laminates, ensuring 
an accurate representation of the matrix’s contribution to the plastic 
composite behaviour. However, while the strength and elasticity pa-
rameters were determined experimentally, the shear parameters and 
Fig. 9. Schematic representation of the finite element model, exemplified for the tension load case of an in-plane undulation in the second layer.
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Table 2
Material parameters for the continuum damage model.
 Parameter Description Value Source  
 𝐸+

1 Tensile modulus in fibre direction 1 22.4 GPa Experiment 
 𝐸−

1 Compressive modulus in fibre direction 1 22.4 GPa Experiment 
 𝐸+

2 Tensile modulus in fibre direction 2 22.4 GPa Experiment 
 𝐸−

2 Compressive modulus in fibre direction 2 22.4 GPa Experiment 
 𝜈+12 = 𝜈−12 Poisson’s ratio 0.232 [52]  
 𝐺12 Shear modulus 6.2 GPa [52]  
 𝑋+

1 Tensile strength in fibre direction 1 465 MPa Experiment 
 𝑋−

1 Compressive strength in fibre direction 1 351 MPa Experiment 
 𝑋+

2 Tensile strength in fibre direction 2 465 MPa Experiment 
 𝑋−

2 Compressive strength in fibre direction 2 351 MPa Experiment 
 𝐺+1

𝑓 Fracture energy (tension, direction 1) 100 kJ/m2 [53]  
 𝐺−1

𝑓 Fracture energy (compression, direction 1) 85 kJ/m2 [53]  
 𝐺+2

𝑓 Fracture energy (tension, direction 2) 100 kJ/m2 [53]  
 𝐺−2

𝑓 Fracture energy (compression, direction 2) 85 kJ/m2 [53]  
intra-laminar fracture energies of this material were approximated for 
simplicity from literature values [52,53]. The complete set of material 
parameters and their sources are listed in Table  2.

Numerical results
The numerical results, depicted in Fig.  10, indicate a reduction 

in strength of up to approximately 3.5% in the most-critical 45◦ mis-
alignment for both the tensile and compressive loading cases. In the 
tensile loading case, the reduction in strength is almost independent 
of the through-thickness position, whereas in the compressive loading 
case, a significant dependence on position is observed, with off-centre 
misalignments causing more significant reductions in strength in low 
rotation angles. Nevertheless, the simulated strength values for tension 
and compression remain in a comparable range. However, compared to 
values of up to 20% in the experimental results (see Figs.  4 and 6), the 
strength reduction observed in the simulation is significantly smaller.

This discrepancy can be attributed to several simplifying assump-
tions in the numerical model:

• Stress concentrations: Although the model accounts for angular 
misalignments in the laminate structure, due to its macroscopic 
nature, it does not capture local stress concentrations in the 
microstructure.

• Fibre orthogonality in rotated structures: In the simulation, the 
fibres within the fabric remain orthogonal during rotation, which 
does not necessarily reflect the behaviour in a real misalignment. 
In practice, the fibre bundles may shear against each other to 
some extent, resulting in non-orthogonal structures.

• Neglect of resin-rich zones: Resin-rich zones as localised inho-
mogeneities significantly contribute to the variability in material 
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strength and directly impact the load transfer mechanisms be-
tween the fibres and the surrounding matrix. In the case of this 
misalignment, resin-rich zones are particularly prevalent as the 
fibre layers are pulled outward during the manufacturing process, 
further exacerbating these effects.

• Omission of residual stresses: Residual stresses due to shrinkage 
and cooling during the manufacturing are not included in the 
model. These stresses can significantly affect the stress distribu-
tion and consequently the resulting strength.

The discrepancy between numerical and experimental results high-
lights the inherent limitations of approximation models in homogenis-
ing the effects of misalignments. Even under conservative assumptions 
of larger angular misalignments than those typically observed in prac-
tice, the simulated strength reductions remain lower than those found 
experimentally. While the effect of shearing of fibre bundles appears 
to be small, this discrepancy points to the importance of local stress 
concentrations, particularly in resin-rich zones and due to residual 
stresses. These factors play a critical role in the material response 
and cannot be adequately represented in homogenisation models. This 
result is in line with other research (e.g. [54]), where analytical models 
often fail to accurately predict strength values for different local and 
global fibre volume fractions. This challenge is particularly pronounced 
in the present study, where the moderate fibre volume fraction of 
41.2% further amplifies the discrepancies between the local and global 
strength behaviour.

In summary, the simulation successfully captures the fundamental 
trend of strength reduction, but the simplified assumptions used in 
homogenising misalignments result in an overestimation of strength. 
This result highlights the need for improved modelling of local damage 
mechanisms.
Fig. 10. Tensile (left) and compressive (right) strength as a function of the in-plane rotation angle and the through-thickness position.
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4.5. Fatigue tests under tensile load

In fatigue tests, the specimen is repeatedly loaded below its quasi-
static strength. Cyclic loading makes it possible to gain a better under-
standing of the initiation and growth of damage within the specimens. 
If they are not sorted out or repaired due to their defect, real parts 
are used like defect-free parts and must therefore withstand the same 
loads. For this reason, this paper compares the lifetimes of the various 
misalignments as a function of the absolute amplitudes. Fig.  11 shows 
the S–N curves for the various configurations.

As expected, the reference specimens withstand, at the same ab-
solute load level, more cycles than the specimens with fibre mis-
alignments. The misalignments and the previously mentioned stress 
concentrations lead to a reduction in service life. The in-plane undu-
lation, which was most similar to the defect-free specimens in terms of 
static properties is also most similar to them in terms of service life. At 
very high and medium loads, the service life is still almost identical, but 
this can be partly attributed to the low outlier value of the defect-free 
specimens. At low load levels, the difference between the defect-free 
specimens and those with in-plane undulations becomes clearer. At 
a medium load of 235 MPa, the reference specimens can withstand 
≈9000 cycles, whereas the specimens with in-plane undulations can 
only withstand ≈6000 cycles, which corresponds to a reduction in 
service life of 33.3%. This drastic reduction can be explained by the 
fact that, due to the in-plane undulation, there is effectively one fibre 
layer less to take up the occurring stresses, which means that the other 
layers are forced to withstand more of the load. The course of the S–
N curve for specimens with wrinkles is similar to those with in-plane 
undulations. In this case, a reduction in service life occurs at higher 
load levels, while the curve approaches the reference curve again at 
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lower stresses. For both of these types of misalignment, it can be said 
that, taking into account the standard deviation within the specimens 
and the only slightly lower strength values, there is probably a slight 
shift to the left compared to the reference specimens, meaning a small 
to medium reduction in service life. For specimens that contain a fold, 
the S–N curve is clearly shifted to the left, which corresponds to a 
sharp reduction in service life. At a load level of 235 MPa, for example, 
this type of misalignment can only withstand an average of 1750 load 
cycles, which means a reduction in service life of 80% compared to 
the reference specimens. The main reason for this sharp reduction is 
the resin pocket, which is formed during the manufacturing process 
and can be seen in Fig.  2. There is a stress concentration at the fold 
and this is most likely where the crack initiation takes place. The 
cyclic loading leads to cracks in the resin pocket and ultimately to a 
complete failure of the test specimen. As expected, the combination of 
two types of misalignment, the superposition, has the lowest lifetime of 
all configuration. At the high load levels, the specimens only withstand 
a few load cycles, as this already corresponds to their quasi-static 
strength. However, these specimens also withstand comparatively few 
load cycles at all other load levels. At 235 MPa, for example, there 
are only ≈500 cycles on average, which corresponds to a reduction in 
service life of around 94%. The specimen configuration fails so quickly 
because the damage mechanisms of the other misalignment types can 
occur here in combination and simultaneously. On the one hand, the 
effective number of layers that can carry loads is reduced due to the 
in-plane undulation, which is why all other layers are more heavily 
loaded. Furthermore, there is a stress concentration in and around the 
resin pocket, which is problematic for crack initiation and growth. In 
contrast to the fold specimens, the fold is not in the centre of the 
specimen and is therefore supported by fewer layers, which also allows 
for earlier failure.
Fig. 11. S–N curve of specimens with and without fibre misalignments.
Fig. 12. Damage of representative fatigue specimens after failure.
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The specimens with wrinkles do not show a particular unusual 
damage pattern and behave similarly to the reference specimens even-
though the fracture always occurs close to the inserted GF-strip. But 
it is possible to describe the failure mechanism of the other types of 
misalignments in more detail, using the damage images in Fig.  12.

In the case of specimens with an in-plane undulation, it can be seen 
from the fracture surfaces that an approximately 15 mm fibre bundle is 
pulled from the composite in the middle layer. The position indicates 
that these are the undulated fibres and that the excessive stress at 
the radius, at which the in-plane undulation is introduced, leads to a 
detachment fracture of the fibres and ultimately to their separation. The 
damage pattern of specimens with a fold show the aforementioned resin 
pocket. It detached completely from the opposite side during the cyclic 
test and is still visible after complete failure. Stress increases in the resin 
pocket, as well as the proportionally worse properties of the resin, lead 
to cracks, delaminations, and fractures at the resin-fibre interface and 
eventually to debonding [55,56]. The superposition is the combination 
of the in-plane undulation and the fold and therefore damage patterns 
can be found for both types of misalignments. Here, too, the middle 
layer is torn out at the in-plane undulation, and a fracture occurs in 
the resin pocket, which reproduces its contour.

5. Conclusion

In this experimental and numerical study, GFRP cross-ply laminates 
with eleven fibre layers were manufactured in tailored ways to intro-
duce misaligned fibres at different positions. A total of four different 
types of misalignments were examined: in-plane undulation, wrinkle, 
fold, and superposition of in-plane undulation and fold. The following 
findings can be derived from the experimental and numerical results 
and the associated discussion:

(1) Fibre misalignments can be detected non-destructively by 
measuring phase velocities of Lamb or shear waves, as 
stiffness deviations correlate well with quasi-static tensile 
and compression tests. Shear wave analysis also indicates 
that multiple misalignments may superimpose.

(2) Fibre misalignments significantly reduce the quasi-static 
strength of GFRP laminates, with greater losses for bending 
and compression than for tension. The Young’s modulus 
remains largely unaffected.

(3) The position of a misalignment strongly influences failure 
behaviour and strength; defects near the laminate edge have 
a higher impact, but for out-of-plane undulations this effect 
is limited by the number of affected plies.

(4) Under cyclic loading, misalignments alter the damage mode 
and cause a substantial decrease in service life, with reduc-
tions ranging from at least 33.3% up to 94%.

(5) Finite element models that use homogenised misalignment 
descriptions fail to capture local geometric imperfections 
and mesoscopic effects such as fibre-rich or resin-rich zones 
and residual stresses, leading to an overestimation of me-
chanical performance.
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