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A B S T R A C T   

An experimental study has been carried out to describe the evolution of the failure load relative to the maximum 
misalignment angle of curved carbon–epoxy laminates with out-of-plane wrinkle defects for a large range of 
misalignments. L-angle specimens with different levels of fibre wrinkling were manufactured and tested in four- 
point bending tests. Digital Image Correlation (DIC) and infrared thermography were used to monitor the tests. 
They allowed the stress concentrations induced by the wrinkles to be identified, together with their influences on 
the failure load of the sample. In most cases, increases in wrinkling levels led to decreases in failure loads.   

1. Introduction 

In the current context of global warming, composite materials offer 
an interesting alternative to metallic materials, thanks to their high 
strength to weight ratios, and enable efficient lightweight structures to 
be designed [1]. The range of materials and architectures they make 
possible is very wide but all are closely linked to the manufacturing 
processes [2]. Composite laminates are not restricted to flat components 
but can be manufactured with complex geometries. Some parts, such as 
L-angle composites, even present high curvature and are used, in 
particular, at the junction between two perpendicular parts, especially 
for “clips” in stiffened aeronautical structures, where they are subjected 
to bending moments, which induce out-of-plane stresses. Thus, laminate 
composites with a high curvature are more prone to defects during their 
manufacture. These particularly concern fibre wrinkling but voids, 
corner thickening or corner thinning can also occur [3]. 

Potter et al. [4] showed that waviness may already be present in the 
uncured prepregs. This means that it could result from the production 
process, the transport or the storage of the materials. Nevertheless, most 
of the time, it was found to be induced by the manufacturing process. 
The production of defect-free composites is difficult, especially when the 
part does not have a conventional shape and involves one or more di
rections and degrees of curvature [5]. Hassan et al. [3] have reviewed 
the manufacturing defects occurring in complex shaped laminated 
composites. Voids, delaminations, fibre wrinkling, resin accumulation, 
corner thickening and corner thinning are the most common defects 

appearing during the manufacture of laminated composite structures 
with complex geometry [3,6,7]. 

Kulkarni et al. [8] and Hassan [3] summarised numerous sources of 
fibre waviness. Some were inherent in the laminated composite: the 
stacking sequence [9,10], the difference of thermal expansion co
efficients between the fibres and the matrix [11], the critical limb length 
[12], the inter-ply shear stress or the through-thickness compaction 
[13,14]. Other works have focused on the wrinkling sources in relation 
with the interactions between the part and the mould: the difference of 
thermal expansion coefficients [15,16], the proportion of 0◦ plies and 
the size of the corner radius of the mould [17]. Some works concern the 
influence of external parameters on the development of wrinkles within 
the composite: the shape of the mould [18–20], the consolidation in an 
autoclave or out-of-autoclave [18,21–23]. 

The presence of wrinkles within a laminate needs to be characterised 
in order to be compared and classified. The two main parameters that 
characterise the severity of wrinkles are: the maximum wrinkle angle 
θmax, which corresponds to the maximum angle formed by the wrinkling 
fibres in comparison to their initial direction [24–27], and the A/L ratio, 
which corresponds to the ratio of the amplitude (A) of the wrinkle to its 
wavelength (L) (Fig. 1) [27,28]. In addition, some authors have paid 
attention to the ratio of wavelength, which corresponds to the number of 
plies affected by the wrinkles relative to the total number of plies of the 
stacking sequence [29]. To finish, the location of wrinkling regions in 
the thickness of the specimen and the different types of distribution 
(single waves, stochastic distributed waves, or in-phase distributed 

* Corresponding author. 
E-mail address: bruno.castanie@insa-toulouse.fr (B. Castanié).  
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waves) of the wrinkles through the thickness of a composite layup and 
the distribution of the wave amplitude (graduated, uniform) through the 
thickness have also been used to characterise wrinkling [29]. 

It is recognised that wrinkles have significant influence on the me
chanical properties of laminated composites and on their strength. Most 
of the works found in the literature focus on the effect of out-of-plane 
wrinkles on the strength of flat specimens under compression tests 
[24,27,30–32]. Amongst these studies, Hsiao and Daniel [31] demon
strate that the failure strength is more sensitive to the wrinkles than the 
stiffness, especially when the A/L ratio is small. Adams and Hyer [30] 
found a strength reduction in compression of between 1% and 36% for 
wrinkles with a maximum misalignment angle of between 3◦ and 17◦. 
This corroborates the work of Mukhopadhyay et al. [24], who studied 
three levels of misalignment (5.6◦, 9.9◦ and 11.4◦) and obtained a loss of 
18% of the strength in compression for the lowest level of misalignment 
and 34% for the most pronounced wrinkles (9.9◦ and 11.4◦). All of these 
studies focused on the effect of wrinkles on the mechanical properties of 
a planar laminar composite. To the best of our knowledge, only Xu et al. 
[33] and Hu et al. [34] have studied the effects of wrinkles in curved 
composite specimens under four-point bending tests and only for a 
limited number of differently wrinkled specimens. Xu et al. [33] man
ufactured L-angle specimens with a maximum misalignment angle of 
18◦ and they concluded on a reduction of the out-of-plane tensile stress 
of 16%. Hu et al. [34] concluded that the location and amplitudes of 
wrinkles had a significant influence on the mechanical response of the 
specimen, which could lead to a reduction of 30% to 40% of the failure 
load. 

An analysis of the literature shows that there are few studies on the 
effect of wrinkle defects in the radius of curvature on the mechanical 
properties, despite the fact that wrinkling is the most common defect on 
a curved specimen. Moreover, the failure of wrinkled specimens is 
poorly understood and the maximum misalignment angle does not seem 
to fully characterise the failure of curved specimens. Therefore, it ap
pears important to produce a larger number of wrinkled specimens with 
a broad range of different maximum misalignment angles. For this study, 
42 specimens were produced by means of the two hand layup strategies 
described in Section 2.2. The wrinkles were characterised by the 
maximum misalignment angle compared to the reference surface, which 
ranged from 5.3◦ to 83.3◦ (Section 3.1). The damage scenarios of three 
levels of wrinkles (1.5 ± 2◦, 26 ± 2◦ and 45 ± 2◦) are detailed in Section 
3.2 and a general comparison between the failure loads and evolution of 
wrinkling levels is made in Section 3.4. In Section 4, conclusions are 
drawn based on the above. 

2. Materials and methods 

This first part focuses on an experimental study of the method for 
manufacturing specimens, the test setups and the instrumentation used 
during the test. Section 2.1 contains all relevant information about the 
material used for the study. Section 2.2 describes how the pre- 
impregnated materials were laid up by hand and how the wrinkles 

were introduced into the radius of curvature of L-angle specimens. 
Section 2.3 provides details concerning the experimental setups. To 
finish, Section 2.4 refers to the instrumentation used during the four- 
point bending test. 

2.1. Materials 

The tests were performed on L-Shaped CFRP specimens. The fibres 
and epoxy resin were respectively T700 and M21 (Hexcel Composites 
Company). The layup used was [452/- 452/902/02]S, so the 16 plies had 
a total theoretical thickness of 4.125 mm. This type of stacking with ±
45◦ plies as external plies is due to buckling considerations. It maximize 
the buckling load and is currently used in aeronautics. By convention, 
the layer orientations mentioned in the stacking are always expressed 
from the inner layer surface to the outer layer surface. The longitudinal 
direction of fibres is represented in Fig. 2. The specimens have an arm 
length of 113 mm, a width of 20 mm and an inner radius of 5.16 mm 
(Fig. 2). The laminate stacks were prepared in a controlled atmosphere 
and compaction was carried out for 12 h using a vacuum pump. The 
curing process was conducted in an autoclave at 180 ◦C for 120 min, 
with a pressure maintained at 7 bar. Experimentally, the average of 
thickness of the specimens were measured equal to 4.1 ± 0.1 mm in the 
flat part of the arm. In the radius of curvature, the thickness is not 
constant and depends of the level of misalignment angle. Therefore, it 
was not measured. 

2.2. Manufacturing method 

To manufacture specimens with wrinkles in the (xz) coordinate 
system (Fig. 2), two geometries of mould were used. A convex mould 
(Fig. 3 a.) to produce specimens with limited defects and a concave 
mould (Fig. 3 b.) to make samples with wrinkle defects in the radius of 
curvature. With the concave mould, two hand layup strategies were 
considered in order to produce specimens with different levels of 
wrinkles, following the method proposed by Hu et al. [34]. In the first 
one, plies were directly stacked in the mould by hand with compaction, 
enabling parts to be made without defects. The second strategy involved 
stacking some or all of the layers (Fig. 4) on a flat surface first and then 
moving them into the mould. This second method promoted the 
appearance of wrinkles in the radius of curvature. The different 
maximum angles of misalignment created in the specimens were ob
tained by mixing these two strategies. The number of layers with 
wrinkles and the maximum angle of misalignment increased with the 
number of plies stacked with the second method. 

Seven types of specimens, using different ratios of the two strategies, 
were manufactured for this study and are summarised in Fig. 4. EM 
specimens (1, 2 and 3) were made using the first strategy exclusively. 
The concave mould was used for the EM-1 and EM-2 samples. Convex 
moulds were exclusively used for the EM-3 specimens, the aim being to 

Fig. 1. Measurement of θmax and A/L ratio to characterise the severity of 
wrinkles [27]. (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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Fig. 2. Dimensions and characteristic parameters of the four-point bending test 
on L-shaped specimen. 
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produce L-angle specimens with the lowest possible angle of misalign
ment. EP samples were stacked by using a combination of both the 
strategies presented. The proportion of plies stacked with the second 
method has been outlined in red on Fig. 4. For instance, all sixteen plies 
of EP-1 were stacked with the second strategy. For the EP-1/8 the first 

seven plies ([452/− 452/902/0]) were stacked directly on the concave 
mould. These aluminium plates were exclusively used for the bending of 
plies of EP-1/4 and EP-1/8. For the other specimens (EP-1 and EP-1/2) 
the number of plies was sufficient to avoid their use and to localise the 
wrinkles in the part of the radius of curvature. To finish, the last seven 

a. Convex mould               b. Concave mould 

Fig. 3. a. Convex mould, b. concave mould used for manufacturing.  

Fig. 4. Strategies of hand layup used for the different specimens manufactured. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 5. Sample EM-2 cuts into six specimens after curing.  
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plies were stacked on the concave mould. It is noteworthy that, for each 
specimen, pressure was applied every two plies with a vacuum bag for 
fifteen minutes in order to avoid voids. 

The dimensions of the pre-impregnated material used to manufac
ture each sample were 150 mm × 250 mm. After curing, each sample 
was cut (along the discontinuous axis of Fig. 5) into six specimens with 
an arm length of 113 mm and a width of 20 mm. Therefore, a total of 42 
specimens shared among 5 manufacturing strategies of were tested in 
this study. 

2.3. Four-point bending test 

The aim of the four-point bending test was to induce a pure bending 
moment at the curved section by the displacement of the two upper 
cylindrical rollers, while the two lower ones stayed fixed. The geometry 
of the L-angle specimens was studied by Charrier et al. [35] to minimise 
the out-of-plane shear stress and maximise the out-of-plane tensile stress 
in the area of the radius of curvature. The setup of the four-point 
bending tests is illustrated in Fig. 6. The characteristic parameters 
(Table 1) were the same as used in the work of Charrier et al. [35,36] 
and in a previous study [37] on the numerical simulation of four-point 
bending tests on specimens without defects. The four-point bending 
tests were conducted on an INSTRON 4466 100 kN traction machine 
with a specific 10 kN load cell. The specimens were subjected to 
displacement at a rate of 2 mm/min until the end of the tests. 

2.4. Monitoring 

The tests were multi-instrumented (Fig. 6). First, a linear variable 
differential transducer (LVDT) positioned on the upper support bar was 
used. Then, a fine painted speckle pattern was applied on one side of the 
specimen to perform 2D Digital Image Correlation (DIC). The camera 
used to record the section of interest, the section of the radius of cur
vature, had a resolution of 5 Mpixels. In addition, a Télops Fast M3K 
infrared thermography camera was used on the other side of the speci
mens with a resolution of 193 × 132 pixels. This was used to evaluate 
the temperature field and the heat released by the failure of the spec
imen, and to localise the damage. 

3. Experimental results of four-point bending tests on L-angle 
specimens with defects 

3.1. Maximum misalignment angle 

The free edges of the specimens were captured after polishing and 
the exact shape of the wrinkle were drawn using a set of discretization 
points. Then by using a finite element software (Abaqus), the maximum 
misalignment angle (noted θmax) was measured relative to a reference 
surface, which corresponded to the surface in contact with the mould. 

This parameter was chosen to characterise the criticality of the wrinkle 
defects for each specimen. The misalignment angle θmax was calculated 
from the experimental data as the difference between the maximum 
misalignment angle corresponding to the wrinkle α1 and the maximum 
angle corresponding to the reference surface of specimen α2 (Fig. 7). The 
measurement had a precision of ±2◦. It was quantitatively estimated by 
analysing the refinement of the mesh created by the discretization 
points. The value of misalignment for a specimen corresponded to the 
average of the maximum misalignment angles on both sides of the 
specimen (Fig. 5). 

Examples of wrinkles introduced with the different strategies 
described in Section 2.2, are shown in Fig. 8. The wrinkled areas are 
localised by a red circle and the maximum misalignment angle by a red 
arrow. Fig. 9 presents the distribution of the mean values of the 
maximum misalignment angle measured and the length of pre- 
delamination for each batch of specimens, with standard deviation. 
We remind that the EM specimens were made exclusively by directly 
draping the pre-impregnated material on the mould. EM-1 and EM-2 
were manufactured in a concave mould and only the EM-3 specimen 
was made with a convex mould. The EM-1 specimens had the lowest 
misalignment angle, with an average of 2.1◦ and excellent repeatability. 
The EM-3 specimens had an average value of misalignment angle of 
11.1◦ and, unlike all other specimens of this study, had a reference 
surface that was the internal one due to the convexity of the mould. 
Consequently, the wrinkles developed on the upper part of the sample 
(Fig. 8, EM-3-12◦). The EM-2 specimens had an average maximum 
misalignment angle of 21◦, which is significantly higher than those of 
EM-1 and EM-3. The peel ply, the release film, the breather and the 
vacuum bag seem to have slipped, under the pressure of 7 bars, into the 
area of the radius of curvature during the curing of the sample, thus 
inducing involuntary wrinkles. The scattering of the wrinkles created for 
this batch was relatively large, with a standard deviation of 5.5◦. The EP- 
1/8 batch specimen had an average of 26.4◦ of misalignment angle. The 
layers with wrinkles were principally the [452/− 452] localised in the 
lower part of the specimen for the same reasons as explained for the EM- 
2 specimens. Nevertheless, the central plies at 0◦ were lightly impacted 
by the wrinkles induced by the draping strategy, but they were offset 
from the centre of the radius of curvature. 

Digital Image Correlation 

Infrared 
Thermography 

Camera 

Specimen 

Fig. 6. Setup of the four-point bending test. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Table 1 
Nominal specimen dimensions and characteristic parameters of the experi
mental device for the four-point bending test.  

Thickness Length Width Inner 
radius 

Radius of 
cylindrical 
bars 

Loading 
bars 

Support 
bars 

t (mm) L 
(mm) 

W 
(mm) 

Ri 

(mm) 
Rr (mm) X1 (mm) X2 (mm) 

4.125 113 20 5.16 7.5 30 66  

Fig. 7. Measure of the maximum misalignment angle. (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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Concerning the EP-1/4, EP-1/2 and EP-1 samples, the wrinkles 
seemed to be induced by the strategy of hand layup described earlier. 
The plies stacked on a flat surface before being introduced into the 
concave mould were subject to wrinkling, and so were all the plies 
stacked into the mould after them. It was observed that increasing the 
number of plies stacked on a flat surface increased the mean value of 
maximum misalignment angle with 38.4◦ for EP-1/4, 55.1◦for EP-1/2 

and 78.7◦for EP-1. Moreover, EP-1/4 and EP-1/2 samples presented a 
greater scattering than the EP-1. Some voids were present in the EP-1/2 
and EP-1 specimens, due to the high level of wrinkles located at the 
interface of 0◦ plies and at the interface between 0◦ and 90◦ plies in the 
lower part of the L-angle specimen in the case of EP-1/2. A piece of peel 
ply (symbolised in red on Fig. 8) was trapped under a wrinkle of the EP-1 
specimens, consequently preventing the adhesion of the two inner parts 

Fig. 8. Example of wrinkles introduced in each batch of specimens. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 

Fig. 9. Distribution of mean values of the maximum misalignment angle and the length of pre-delamination for each batch of specimens. (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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of the wrinkles and creating a large defect. 
To sum up, the aim of this work was to produce specimens with 

different values of misalignment. Thanks to the two strategies presented 
previously, seven batches, each of them composed of six curved speci
mens, were manufactured with a large range of maximum misalignment 
angles, extending from 1.5 ± 2◦ to 83 ± 2◦ in the radius part of the 
samples (Fig. 9). Therefore, the effect of defects (wrinkles and initial 
delamination defects) on the mechanical properties will be studied in 
the next section. The distribution of measured misalignment angle and 
length of pre-delamination through the width of the sample (Fig. 5) were 
studied but no trend was identified. 

3.2. Damage scenario of three levels of misalignment angle specimens 
under four-point bending test 

The first part concerns an L-angle specimen from the EM-1 sample 
batch, which was taken as a reference for this study because it was the 
batch of samples with the lowest level of misalignment angle. 

The second part deals with an intermediate level of misalignment 
angle. The sample comes from the EP-1/8 batch of L-angle specimens 
and has a maximum misalignment angle of 26◦ relative to the reference 
surface of the specimen. 

The third part looks at a higher level of maximum misalignment by 
using an EP-1/4 specimen with an angle of misalignment of 45◦. 

3.2.1. Maximum misalignment angle of 1.5 ± 2◦

This first L-angle specimen was taken as a reference in this study 
because it was from the batch of specimens with the lowest level of 
misalignment angle. 

The experimental load-machine displacement envelope curve 
(formed by the maximum and minimum values of experimental loads 
and machine displacements) is plotted in Fig. 10 and that corresponding 
to the specimen studied subsequently is highlighted in blue on the graph. 
The stiffness of this batch of specimens subjected to the four-point 
bending test shows low variability and non-linear elastic behaviour 
with a stiffening in the first part of the tests, as already pointed out in 
[37]. The different experimental curves exhibit a similar damage sce
nario with a principal load drop at approximately 5 mm of machine 
displacement, followed by a succession of load reactions up to 10 mm. 
The blue curve on Fig. 10 corresponds to the specimen EM-1_02, with a 

maximum misalignment angle of 1.5◦. 
This specimen underwent a first load drop at 380 N and 5 mm of 

machine displacement (point (a) on Fig. 10). This first load drop was 
driven by the interlaminar fracture between the [902/02] on the lower 
part of the specimen and by delaminations between 0◦ plies at the 
middle of the thickness of the specimen. The initiation of the delami
nation was probably caused by an out-of-plane excessive tensile stress. 
Intralaminar damage, within nearby delaminated plies, was not identi
fied by DIC or infrared thermography. Implication of damage initiation 
was experimentally delicate because interlaminar damage was pre
dominant and more obviously visible than matrix cracking. A numeri
cal/experimental discussion with the Discrete Ply Numerical model [37] 
will be useful to investigate this point and it will be discussed deeper in a 
forthcoming paper. The Digital Image Correlation (DIC) made it possible 
to point out an out-of-plane strain concentration in the 90◦ ply and at the 
interface with the 0◦ top ply (Fig. 11 a). It is important to mention that 
damage views noted (a), (b) and (c) on Fig. 11 correspond to the points 
(a), (b) and (c) on the load-machine displacement curve of Fig. 10. 
Moreover, on Fig. 11, Fig. 13 and Fig. 15, the side A was in mirror 
symmetry with the side B about the mid plane of the specimen. The 
infrared thermography revealed that damage propagated on the other 
side of the specimen with a significant temperature rise of approxi
mately four degrees relative to the rest of the specimen. 

Then a second load drop occurred at 370 N, which is really close to 
the first failure. The infrared thermography indicated that it was caused 
by the propagation of delamination previously initiated at the same 
interface (Fig. 11 b). 

To finish, the last principal damage was located in the upper part of 
the specimen. It caused the last load drop and it consisted of delami
nation between [90/-45] plies, between [0/90] plies and by matrix 
cracking of the 90◦ ply (Fig. 11 c). 

It should be noted that damage located at the bottom of the stacking 
sequence, composed of matrix cracking of the +45◦ ply and delamina
tion at the interface [+45/− 45], occurred between damage (b) and 
damage (c) on Fig. 10. It is not illustrated on Fig. 11 because it had no 
significant effect on the load-machine displacement curve. The damage 
scenario was the same for the other specimens of the batch with a first 
failure located at the middle of the specimen, most often followed by a 
second load drop – which was the propagation of the first one – and 
finally damage located on the upper part of the specimen. 

Fig. 10. Load-machine displacement curves of the EM-1 specimens. The experimental envelope curve is formed by the maximum and the minimum values of 
experimental loads and machine displacements. (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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3.2.2. Maximum misalignment angle of 26 ± 2◦

This second L-angle specimen was chosen with a medium misalign
ment angle of 26 ± 2◦, localised by a red circle on Fig. 13. It must not be 
forgotten that side A was in mirror symmetry with side B about the mid 
plane of the specimen. As for Fig. 11, the experimental envelope curve is 
in light blue and the curve corresponding to that studied in this part is in 
blue (Fig. 12). The curves show a non-linear elastic behaviour with very 
low variability and a load reaction lower than in the previous case. 

Damage caused by the first load drop at 290 N and 4.4 mm of ma
chine displacement was composed of delaminations between plies [90/ 
0] on faces A and B and by matrix cracking of the 90◦ ply. On side B, the 
matrix cracking of the 90◦ ply spread as far as the interface with the 
− 45◦ ply (Fig. 13. a). The DIC indicates a stress concentration at this 
interface [90/0] and, more precisely, on the area where the misalign
ment angle was the largest. Therefore, the wrinkle played a major role in 
the failure scenario of this L-angle specimen. The infrared thermography 
camera showed damage at the same location but it was delamination 
and a small amount of matrix cracking. 

Damage located at the bottom of the stacking sequence (circled in 

black on Fig. 13. b) was matrix cracking of the 45◦ ply, and delamination 
of the ±45◦ interface had a slight impact on the load-machine 
displacement curve. 

The next damage highlighted was at 235 N and 7 mm of machine 
displacement (Fig. 13. c). It corresponded to an interlaminar failure 
between the 0◦ plies. This delamination initiated the propagation of 
damage into the upper part of the specimen (failure point d) corre
sponding to delamination at the [0/90] interface and the [90◦/− 45◦] 
interface, and to intralaminar matrix cracking within the 90◦ ply. 

Finally, this damage propagated to side B of the specimen, and is 
indicated by point (e) on the load-machine displacement curve (Fig. 12). 

3.2.3. Maximum misalignment angle of 45 ± 2◦

The experimental envelope curve of load-machine displacement is 
plotted on Fig. 14. The blue curve corresponds to the experimental re
sults for the EP-1/4_45◦ specimen studied in this section. The maximum 
angle of misalignment was localised at the [90/0] interface in the lower 
part of the specimen and is circled in red on Fig. 15. It should be noted 
that the variability of the non-linear elastic behaviour was considerably 

Fig. 11. Damage scenario of the EM-1_02 specimen. In the upper part of the figure, the failed section of sides A and B. On the left of the figure, infrared thermography 
images and on the right of the figure, the DIC. Damage views noted (a), (b) and (c) correspond to the points (a), (b) and (c) on the load-machine displacement curve of 
Fig. 10. (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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lower than in the previous specimen, which was itself lower than the 
variability of the first specimen studied, with the smallest wrinkles. The 
presence of wrinkles and the rise of the maximum angle of misalignment 
seems to localise damage through the specimen, which tends to reduce 
the variability of the elastic behaviour of the specimen. 

On the load-machine displacement curve, a small drop can be seen at 
260 N and for a displacement of 4.1 mm. This must be due to damage 
inside the specimen, but nothing appears on the infrared camera image 
or on the DIC. 

The loading continues with the same stiffness to the first significant 
load drop (point (a) on Fig. 14) at 310 N and 5 mm of machine 
displacement, which corresponds to the initiation of damage before an 
abrupt failure. The infrared thermography camera reveals, on side A of 
the specimen, a matrix crack inside the 90◦ ply on the lower part of the 
specimen. Thanks to the DIC on side B of the specimen, this was found to 
correspond to a strain concentration at the interface [90/0] (Fig. 15. a) 
near the maximum of misalignment angle of 45 ± 2◦ but without 
damage on this side. 

Then the propagation of the damage initiated led to the main load 
drop of 100 N (point (b) on Fig. 14). This was composed of delamination 
at the [90/0] interfaces and [− 45/90] plies, and matrix cracking of the 
90◦ ply in the lower part of the specimen. Moreover, on side A of the 
specimen, the infrared thermography camera showed a delamination 
between +45◦ and − 45◦ plies. 

The last damage occurred at 180 N and 6.5 mm of machine 
displacement in Fig. 14. It corresponded to the propagation of damage 
on the upper part of the specimen as previously highlighted for the other 
specimens. It consisted of delamination at the [90/− 45] and [0/90] 
interfaces and by matrix cracking of the 90◦ ply. This damage crossed 
the width of specimens, so there was the same damage on both sides, A 
and B. 

3.3. Analytical calculation of out-of-plane tensile stress without defects 

Out-of-plane tensile stress was calculated analytically and compared 
to the theoretical value of the transverse tensile strength employed by 
the model used in a previous work [37]. This model was tested and 
validated with experimental results by its use on four stacking se
quences. It provides a highly representative load-machine displacement 

curve between experiment and numerical simulations. 
Through-thickness tensile strengths were analytically calculated ac

cording to Eqs. (1)-(3) taken from the ASTM D6415/D3415M-06a 
standard [38]. σmax

r corresponds to the out-of-plane stress at the first 
load drop in the load-displacement curve and was calculated from Eq. 
(4). 

CBS =

(
P

2wcosϕ

)(
dx

cosϕ
+(D + t)tanϕ

)

(1)  

ϕ = sin− 1

⎛

⎝
− dx(D + t) + dy

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

d2
x + d2

y − D2 − 2Dt − t2
√

d2
x + d2

y

⎞

⎠ (2)  

dy = dxtanϕi +
D + t
cosϕi

− Δ (3)  

σmax
r =

3 • CBS
2t ̅̅̅̅̅̅̅riro
√ (4)  

where CBS is the Curved Beam Strength, P = 650 N is the failure load, ϕ 
is the angle of the specimen legs from the horizontal in degrees, ϕi = 45◦

is the angle of the specimen legs from the horizontal in degrees at the 
beginning of the test, w = 20 mm is the width of the specimen, dx = 17.9 
mm and dy = 35.8 mm are respectively the horizontal and vertical dis
tances between two adjacent top and bottom loading bars, t = 4.125 mm 
is the theoretical thickness of the specimen, D = 14 mm is the diameter 
of the cylindrical loading bars, ri = 5.16 mm and ro = 9.29 mm are 
respectively the inner and outer radii, Δ = 7.75 mm corresponds to the 
imposed displacement at failure. Failure load P and imposed displace
ment Δ at failure were determined thanks to simulation on a pristine 
specimen performed with a previous model presented in [37] for four- 
point bending tests on curved specimens without defects. This model 
finds the maximal load and displacement at failure. 

The out-of-plane tensile stress determined with the analytical equa
tions (Eq. 1) – (Eq. 4) was σmax

r = 37.9 MPa. This is different from the 
value of 50 MPa, which corresponded to the transverse tensile strength 
of the T700/M21 used and validated with the Discrete Ply Model used in 
[37]. This model is based on a full 3D modelling accurately taking into 
account inter and intralaminar coupling. This model is probably less 

Fig. 12. Load-machine displacement curves of the EP-1/8 specimens. The experimental envelope curve is formed by the maximum and the minimum values of 
experimental loads and machine displacements. (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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Fig. 13. Damage scenario of the EP-1/8_04 specimen. In the upper part of the figure, the failed section of side A and side B. On the left of the figure, infrared 
thermography images and, on the right of the figure, the DIC. Damage views noted (a), (b) and (c) correspond to the points (a), (b) and (c) on the load-machine 
displacement curve of Fig. 12. (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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conservative than the analytical method. In particular, the appearance 
of matrix cracking in the 90◦ plies delay the delamination as showed in 
[37]. In addition, experimental investigations shown experimental ma
trix cracking in internal 90◦ ply, which was not taking into consideration 
by the ASTM standard and could also explain this difference. Moreover, 
another source of discrepancy may be due to the limitation by the ASTM 
standard [38] to a maximum displacement of the roller of 5 mm, which 
is not respected here. Based on the results given by the model in [37] a 
failure load of 650 N was assumed and was considered as the theoretical 
reference for the pristine specimen in the rest of this work. 

3.4. Comparison of failure loads for different levels of maximum 
misalignment angle 

The evolution of the failure loads according to the maximum 
misalignment angle for the 42 L-angle specimens tested in this study is 
presented in Fig. 16. Each batch of specimens has been circled so as to be 
identified on the graph. 

It should be noted that, for batch EM-1, the variably of failure loads 
was relatively large, with values of failure load spread over 130 N. This 
variability could be explained by the presence of pre-delamination 
(before the test) between two plies at 0◦ in some specimens. This is 
clearly visible on the specimen of Fig. 17 but pre-delamination was not 
visible in all specimens of the batch EM-1. The length of pre- 
delamination corresponds to the average of the measurements on both 
sides of each specimen. The lengths of pre-delamination are plotted in 
Fig. 18 for the six specimens of the batch EM-1. They have high vari
ability of pre-delaminated length, spread over 5 mm. In this case, this 
parameter did not allow any conclusions to be drawn concerning the 
evolution of the failure loads. The most interesting parameter may have 
been the pre-delaminated surface area. Nevertheless, this batch of 
specimens showed strong repeatability value of the maximum 
misalignment angle. 

Most specimens (EM-2, EP-1/8, EP-1/4, EP-1) have a pre- 
delaminated length range smaller than 1 mm, unlike EM-3 and EP-1/ 
2, which have a length range spread over 2.5 mm (Fig. 18). This is 
half that of the EM-1 batch. The EM-3 specimens show good repeat
ability concerning the failure load, with a range spread over 30 N. Only 
two points referring to batch EM-3 were outside the average: the first 

with a length of 0 mm and the other with a length of 2 mm (Fig. 18). 
Points with a length of pre-delamination equal to 0 mm were moved 
slightly towards the vertical axis to distinguish the different points 
better. This means that the points were not representative of the rest of 
the batch. Concerning the EP-1/2 specimens, the evolution was rela
tively more extended over the range and this batch had values of failure 
loads spread over a range of 60 N. Nevertheless, as for the EM-1 batch, 
the evolution of pre-delaminated length did not highlight any relation 
between the length of pre-delamination and the failure load. To finish, 
the EM-2 batch had a range of failure loads spread over 100 N but no 
problems of initial delamination were visible on the images of each side 
face of the specimens. 

In conclusion, this parameter did not reveal any relation between the 
failure load and the length of pre-delamination, since the measurements 
on each of the side faces of the specimens did not provide an acceptable 
estimation of the real state of the structure. A more interesting param
eter could have been the pre-delaminated surface area. Finally, a 
parameter coupling the maximum misalignment angle with the area of 
pre-delamination should be considered to characterise the link between 
the amount of defects and the drop of failure load. 

The graph depicting the evolution of the failure load compared to the 
maximum misalignment angle, Fig. 16, clearly indicates a trend for the 
failure load to decrease with the rise of the maximum misalignment 
angle – except for the EP-1/2 specimens, with their failure load average 
of 360 N, which was higher than for the other specimens with a mini
mum angle of misalignment of 10◦. These results mean that other pa
rameters could be involved in the failure of this batch of specimens. For 
example, modification of the general shape of the specimen (on the re
gion of the radius of curvature), the presence of defects: wrinkles and 
pre-delaminated areas at specific locations inside the sample, could be 
the cause of interlaminar stress relaxation within the structure and have 
a beneficial effect on the breakage, thus tending to increase the struc
ture’s strength. 

Fig. 19 presents the evolution of the normalised failure loads ac
cording to the maximum misalignment angles for different types of tests 
found in the literature. A qualitative analysis is proposed in the purpose 
of making a first comparison on the effect of wrinkles on the strength of 
composite structures. The aim of this first approach is to identify the 
configuration (shape + loading) with the maximum effect of defect. 

Fig. 14. Load-machine displacement curves of the EP-1/4 specimens. The experimental envelope curve is formed by the maximum and the minimum values of 
experimental loads and machine displacements. (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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Mukhopadhyay et al. have tested flat specimens with embedded wrin
kles in quasi-isotropic [452/902/− 452/02]3s staking sequence. They 
used Hexcel’s IM7/8552 pre-preg with a nominal cured thickness of 
0.125 mm, which lead to a total thickness of 6 mm. They manufactured 
specimens with three levels of misalignment angle and tested their flat 
specimen under tensile [39] and compressive [24] tests. Specimens have 
respective dimensions of 250 mm × 30 mm × 6 mm (with a gauge length 
of 150 mm) and 110 mm × 30 mm × 6 mm (with a gauge length of 30 
mm). The three levels of maximum misalignment angle was similar for 
specimens tested under tensile (4.9◦, 8.8◦ and 12.1◦) and compressive 
tests (5.6◦, 9.9◦ and 11.4◦). Xu et al. [33] tested quasi-isotropic curved 
specimen made from IM7/8552 pre-preg under four point bending test. 
Specimens presented an inner radius of 20 mm, a total thickness of 9.25 
mm and a maximum misalignment angle of 18◦. Finally, Hu et al. [34] 
have tested curved quasi-isotropic specimens under bending test. AS4/ 
8552 pre-preg was considered to manufacture specimens. They pre
sented a total thickness of 16.14 ± 0.2 mm and an inner radius of 

approximately 14 mm. It is noteworthy that Hu et al. [34] did not 
measured and used the maximum misalignment angle to characterise 
wrinkles. Hence, it were estimated from the data available in the article, 
which generated a large discrepancy. Configurations tests were assumed 
to be different, for these reasons and to be compare the failure load was 
normalised relative to the failure load of each pristine specimen. 

The knockdown factor obtained by Xu et al. [33] and Hu et al. [34] 
was significantly different. Nevertheless, it is important to remember 
that Xu et al. [33] manufactured specimens with an embedded wrinkle 
through the thickness, obtained by adding transversal strips, and the 
total thickness of their sample was approximately twice that of the 
specimens studied in this work. The knockdown factor found by Hu et al. 
[34] was clearly higher than the one produced by Xu et al. [33]. It was 
very close to the knockdown factor found by Mukhopadhyay et al. [24] 
on flat specimens with out-of-plane embedded wrinkles under 
compressive tests. Mukhopadhyay et al. [39] also tested their specimens 
under tensile stress [39] and the Knockdown factor was lower than on 

Fig. 15. Damage scenario of the EP-1/4_04 specimen. In the upper part of the figure, the failed section of sides A and B. On the left of the figure, infrared ther
mography images and, on the right of the figure, the DIC. Damage views noted (a), (b) and (c) correspond to the points (a), (b) and (c) on the load-machine 
displacement curve of Fig. 14. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 



12

the specimen in compressive tests. In conclusion, the decrease induced 
by the presence of wrinkle defects was greater in the case of the four- 
point bending test than in tensile and compressive tests, which seems 
logical considering the geometry of the specimen and the type of load 
applied. In the case of bending tests on L-shaped specimens, out-of-plane 
stresses were significantly higher than on in-plane tests. 

4. Conclusions 

Seven batches of 6 specimens were produced for this study and two 
hand layup strategies were used to manufacture samples with different 
levels of wrinkles, using convex and concave moulds. Increasing the 
number of plies previously stacked on a flat surface before being intro
duced into the mould increased the maximum misalignment angle of the 
specimens, from 1.5◦ to 83◦. 

For each of the detailed levels (1.5◦, 26◦ and 45◦), the damage sce
nario was similar, with first damage composed by a delamination at the 
interface [0/90] and localised in the lower part of the specimen, which is 
in agreement with [27,35,40]. In the case of the intermediate and pro
nounced wrinkles, matrix cracking in the 90◦ ply was also noticed. The 
DIC showed a strain concentration near the maximum misalignment 
angle. The wrinkle localised damage and spread it through the thickness 
of the specimen via matrix cracking. Each curve presented a reacting 
load after the first load drop. Only for the lowest level of misalignment 
did the reacting load increase to the same value as before the first load 
drop. Then, delamination and matrix cracking spread into the lower part 
of the sample before causing the last major load drop induced by damage 
in the upper part of the structure. This damage was composed of 
delamination at the [90/− 45] and [0/90] interfaces and matrix 
cracking of the 90◦ plies, which was localised between these two 
delaminated interfaces. In the case of EM-1, with the lowest level of 
misalignment, the damage also included delamination of the [− 45/45] 
interface and matrix cracking was also present in the − 45◦ ply. These 
damage scenarios were in agreement with the results presented by [35] 
on the study of L-angle shapes without wrinkles under four-point 
bending tests. 

It can be noted that the effect of wrinkle defects was clearly greater 
on curved specimens under four-point bending tests than on flat speci
mens under tensile or compressive tests (Fig. 19). The knockdown factor 
corresponding to a four-point bending test for a specimen with a 
misalignment angle of approximately 1.5 ± 2◦ is about 36%, while it 
was only 18% and 4% for compressive and tensile tests, respectively on 
specimens with a misalignment angle of 5.6◦. In the case of specimens 
with a misalignment angle of 10◦, the knockdown factor was 55%, 33% 
and 14% for four-point bending, compressive and tensile tests, respec
tively. This value could seem remarkably high but it was reasonable 
because, in the case of the four-point bending test, the wrinkles were 
localised in a single area, in the curved part of the specimen. As seen in 
the introduction, this zone is more subject to wrinkle defects than flat 
parts. In addition, under four-point bending loads, stresses are 

Fig. 16. Evolution of failure load according to the maximum misalignment 
angle. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 17. Example of EM-1 specimen with presence of initial delamination.  

Fig. 18. Length of pre-delamination for all the specimens.  
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concentrated in the radius of curvature and are principally out-of-plane 
compared to tensile and compressive tests on flat specimens, which can 
explain such large differences of knockdown factors. Nevertheless, 
knockdown factors found by Xu et al. [33] and Hu et al. [34] in their 
studies were relatively different from the knockdown factors proposed 
in this work. That could be explained by a huge difference of the 
thickness of the specimen, which was at least twice that of the thickness 
of the specimen studied here. 

As for the Barely Visible Impact Damage used in damage tolerance of 
aeronautic structures, there is probably a link between the external 
shape (modification of the internal radius and the variation of the 
thickness in the curved part) and the maximum misalignment angle. 
This link should be identified by deeper investigation on a larger number 
of specimens. 
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