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Abstract  

One of the most common defects induced during manufacturing of laminates is out-of-plane 

fibre waviness. This defect significantly affects the mechanical behavior of the laminate and 

reduces fatigue life and the load capacity of the material. Therefore, it is important to 

understand the impact of fibre waviness on the performance of composite laminates. In this 

work, multiple out-of-plane waves have been introduced throughout a Carbon Fibre Reinforced 

Polymer (CFRP) laminate at different thickness positions. The specimens were tested under 

tensile loading and an analysis of the surface of the laminate has been carried out by means of 

Digital Image Correlation (DIC). The results obtained by DIC were able to predict the apparent 

strain of the laminate quite accurately, as well as locate up to seven undulations at different 

depths. It was proved that a laminate with multiple wrinkles has 16% less tensile load strength. 

The results were used to validate different Finite Element (FE) models of the laminate showing 

a good agreement. These simple models were able to predict the initiation and propagation of 

failure in both the matrix and the fibre. 

Keywords:  CFRP laminate, Ply waviness, FEM analysis, Digital Image Correlation. 

1. Introduction 

Fibre-Reinforced Polymers (FRP) are nowadays widespread throughout different industries. 

From the wind turbine industry to aircraft structures in aerospace engineering, FRPs are the 

main material option. The manufacturing process of large structures is sometimes complex, 

leading to different qualities depending on the chosen method. The choice of one or another 

process has a great impact on the manufacturing cost. For this reason, understanding the defects 

that are introduced during the manufacturing process and evaluating their influence on the 

mechanical properties is relevant for the industry to consider a cost-effective manufacturing 

method.  

The most common defects can be divided into [1]: matrix-related defects, such as incomplete 

curing and voids; defects in the interface, e.g. debonding of the fibre or delaminations; and fibre-

related defects, such as misalignments, broken fibre and waving (Figure 1). The objective of this 

work is to apply techniques for the detection and study of defects produced by out-of-plane 

waving in Carbon Fibre Reinforced Polymer (CFRP) laminates. 



 

Figure 1: Example of out-of-plane waviness in aerospace CFRP laminate. 

The existence of this type of defects in the laminate is considered a damage initiator, acting as 

a stress concentrator, and creating transverse cracks and delamination. Propagation of the 

cracks can lead to undesired catastrophic failures [2]. The origin of these defects and how to 

mitigate them have already been studied in the literature [3]. However, avoiding these defects 

is not easy. For this reason, various authors have worked on the characterization and modeling 

of fibre waving, beginning with the analytical models developed in the 1990s [4-6]. In these 

models, the out-of-plane wave is characterized according to three parameters: amplitude (δ), 

wavelength (λ) and maximum deflection angle (θ), shown in Figure 2. Analytical models have 

supported the development of new models based on Classical Laminate Theory (CLT) [7-15]. 

Table 1 shows a comparison of different analytical models developed in the literature for a 

laminate with waviness. 

Author Laminate type Model 
Verified 
under 

Measured 
properties 

Highsmith, 
Davis and 
Helms [7] 

Unidirectional laminates 

Micromechanics 
based on the 
kinematics of 
wavy fibre 

Compression Stiffness 

Chun, Shin, 
Daniel [8] 

Unidirectional laminates 

Complementary 
density energy 
and incremental 
method 

Tension and 
compression 

Stiffness 

Lee and 
Harris [9] 

 

Piecewise isotropic 
composites 

Euler-Bernouilli  
beam theory 

Tension and 
compression 

Stiffness 

Edgren and 
Asp [10] 

Non-crimp fabric 
composites 

Timoshenko 
beam theory for 
wavy tows 

Tension Stiffness 

Cimini Jr. 
[11] 

Quasi-isotropic laminates 

Weighted 
average and 
spring in series 
approaches 

Compression Stiffness 

Zhu, Wang 
and Zu[12] 

Unidirectional laminates 
Cross-ply laminates 

Multi-parameter 
model based on 
the classical 
laminate theory 
and uniform 
strain 
assumption 

Unidirectional 
loads 

Stiffness 

 

 



Takeda 
[13] 

Unidirectional laminates 
Cross-ply laminates 

Quasi isotropic laminates 

Micromechanics 
model based on 
the mixed 
boundary 
conditions and 
two-step 
homogenization 
technique 

Tension and 
Compression 

Stiffness 

Hsiao and 
Daniel [14] 

Unidirectional laminates 

Stiffness from 
averaged strains 
and Tsai-Wu 
failure criterion 

Compression 
Stiffness 

and 
strength 

Altmann, 
Gesel and 
Drechsler 

[15] 

Unidirectional laminates 

Based on Hsiao 
and Daniel [42] 
work with Puck 
failure criterion 

Compression 
Stiffness 

and 
strength 

Table 1: Analytical models developed for wavy laminates. 

 

Figure 2: Parameters commonly used for out-of-plane waviness characterization. 

Another approach to the problem is the use of the Finite Element Method (FEM) [16]. In the 

case of numerical simulation, the implementation of the defect ranges from the use of sinusoidal 

wave models [11], Gaussian functions [17], or recreate the defect based on Non-Destructive 

Techniques (NDT) [18-20]. Among the Non-Destructive Techniques that can be used in this kind 

of materials are optical techniques such as Digital Image Correlation (DIC) [21,22], ultrasound 

testing [23,24], electromagnetic testing [25], acoustic emission testing [26], thermography 

[27,28], radiographic testing [29,30] and shearography testing [31]. However, most of these 

methodologies are time consuming to prepare, and they are expensive and complex to perform. 

In some cases, data processing is not easy and requires large amounts of information to obtain 

reliable results. In other cases, such as contact measurement systems, induced damage in the 

specimen may occur while loading platen transducers or displacement gauges provide apparent 

metrics. Among optical systems, DIC overcomes the disadvantages mentioned and presents 

other advantages. For example, it provides both apparent and local metrics, which allow the 

detection of displacement field inhomogeneities on the specimen surface. Moreover, in case of 

textured or heterogeneous materials, DIC technique uses microstructure as a pattern of 

reference to assess displacement fields. For the testing, it is necessary to generate this type of 

defect in a controlled way and its characterization. To manufacture laminates with out-of-plane 

waviness, different techniques can be found in the literature [32], being the most extended the 

transverse-strip method [33-35].   

Some authors have opted for FEM simulation at the micromechanical level [36,37]. Garnich and 

Karami [38-40] not only estimated defect properties from micromechanical models, but also 

developed models for laminates with this periodic defect.  

 

 

 

 

 



Another option is a macromechanical approach, making models at the ply level [41,42]. Altman 

et al. [43] studied the defect using a continuous damage model developed for plane stress, 

including the nonlinear behavior of shears with the Ramberg-Osgood relationship and applying 

different macroscopic damage criteria such as the maximum stress or Puck's criterion. 

Mukhopadhyay et al. [34,35,44] developed 3D numerical models for different scenarios 

(compression, tension, tension-tension fatigue) combining a continuous damage model with 

cohesive elements. Shams and Elhajjar [45,46] included in their models a hole in the defect zone, 

to study the influence of these defects in open-hole tests, both in simple low computational cost 

2D models and in more elaborate 3D models. Their models used the Hashin criterion with 

cohesive elements. They found that the 2D models overestimated the bearing capacity. Lastly, 

Davidson et al. [47,48] combined micromechanical and macromechanical models. In this way, 

they built a homogenized macro-scale model while developing a local micromechanical model 

that shared information.   

In the majority of the referenced studies, the presence of a single, several concentrated, or 

periodically distributed waves in the laminate has been explored. This research delves into the 

influence of waves distributed throughout the same specimen, as well as at different through-

the-thickness positions. The detection of these defects in a simple way without damaging or 

breaking the component can be beneficial in industrial environments. Employing the DIC 

technique, this study aims at detecting and monitoring the evolution of the 

defects, as well as to obtain the full-field deformation of the entire surface. It is usual to find the 

DIC technique applied to the profile of the wrinkle in large thickness specimens. However, in this 

work it is applied to the top surface to assess the wrinkles influence as strain concentrators. 

Finally, 3D FEM numerical models have been developed using ABAQUS that are capable of 

predicting the behavior of the laminate. These models were validated through the experimental 

strain field of the laminate measured via DIC. 

2. Materials and experimental set-up 

2.1. Materials 

The specimens used in this study are laminates of carbon/epoxy with unidirectional (UD) layers 

supplied by the manufacturer Titania S.L. The laminate is made up of PREPREG. 

M21E/34%/UD194/IMA-12K/300mm. This material is representative of that used in the 

aerospace industry. Five different batches of specimens were used in this work. The first two 

batches (B1 and B2) are unidirectional specimens with six plies oriented at 0° and 90° (Figure 

3(a) and 3(b)). Dimensions of each specimen are 200x15x1.1mm. For the third batch (B3) the 

laminate is defined as [-45/45]4s, with a total of sixteen plies. In this case, dimensions for each 

specimen are 230x25x3mm (Figure 3(c)). All these samples were used to characterize the 

unidirectional ply, following the ASTM D3039-17 [49] and ASTM D3518-18 [50] standards. The 

aim of this characterization is to validate the DIC technique and to obtain parameters not given 

by the manufacturer, such as the Poisson's ratio. 

  
 

a) B1: UD 0° b) B2: UD 90° c) B3: [-45/45]4s 

Figure 3: Batches for characterization of the unidirectional ply. 
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The other two batches (B4 and B5) have specimen dimensions of 200x15x4.1mm with twenty 

two plies oriented with the following sequence [45/0/-45/90/0/90/0/90/-45/0/45]s. The only 

difference between B4 and B5 is that strips of the same material have been introduced 

transversally to generate controlled waves in the laminate of B5 specimens (Figure 4). 

 
 

  
D4 D5 

  
D6 D7 

Figure 4: Out-of-plane waviness in the laminate (B5). 

Seven waves have been placed along the sample at D1-17.5%, D2-27.5%, D3-37.5%, D4-47.5%, 

D5-57.5%, D6-67.5% and D7-77.5% of the length, which is equivalent to a separation of 20mm 

between each one of them. Through the thickness, the central wave is located at the middle of 

the sample under 2 plies from the top layer, and the rest of the waves have been placed under 

7, 13 and 18 plies from the top layer to the right and left of the central wave. The average length, 

height and inclination of each wave is λ = 9.6±1mm, δ = 0.5±0.04mm and θ = 6.8±1.3°, 

respectively (following the diagram shown in Figure 2). 

2.2. Digital Image Correlation 

The Digital Image Correlation technique allows the measurement of the strain field on the 

surface of the specimen in the loading direction and the transverse direction. The DIC software 

also enables to obtain the displacement between two points on the surface, from which the 

strain can be measured, without the need of strain gauges. It is important to remark that DIC 

provides limited information essentially restricted to the surface. For applying this methodology, 

a speckle pattern is generated at the surface using randomly distributed black and white spray 

paints to increase contrast (Figure 5(a)). The surface is divided into squared faces (Figure 5(b)) 

and a software tracks any change in the pattern inside the Region Of Interest (ROI) based on an 

image pattern matching criterion. 

              



  
a)  b)  

 

Figure 5: Example of the speckle applied (a) and ROI (b). 

In order to obtain stereo images to measure displacements in 3D, two high resolution fixed focal 

lens (HF7518V-2, Myutron, Tokyo, Japan) and extension rings of 10mm (focal length of 65mm) 

were used (Figure 6(a)). The system was calibrated using the templates provided by Correlated 

Solutions (Figure 6(b)), and the VIC-3D Digital Image Correlation software (v.6.0.2 Correlated 

Solutions Inc., Irmo, SC, USA) was used to process the obtained images. 

 

 
 

a)  b)  

Figure 6: (a) High resolution cameras and (b) calibration templates for DIC 3D. 

2.3. Testing equipment 

Two different machines have been used for testing the specimens. The UD 90° (B2) laminates 
were tested in an electro-mechanic testing machine, MTS C42.503, with a load cell of 5kN. The 
other specimens were tested in a hydraulic testing machine, INSTRON 8801, with a 100kN load 
cell. All the tests were load-controlled quasi-static tensile tests following the ASTM standards, 
with a displacement rate of 1mm/min. 



The optical technique DIC was validated with an extensometer INSTRON 2620-604. The 

extensometer has a length of 50mm between the ends. It was placed to measure the strain in 

the central section of the specimens. A comparison between the results obtained using the 

extensometer and those obtained with DIC is shown in Figure 7. The specimens with 

extensometer were loaded to half the ultimate load, to avoid any extensometer damage. After 

this first test, the same specimens were tested until failure, recording the specimen strain only 

via DIC. 

  
a)  b)  

Figure 7: Comparison of the strains obtained by extensometer and DIC in a) defect-free 

specimen and b) specimen with defects. 

3. Analytical method 

3.1. Classical Laminate Theory for laminates without waviness 

Knowing the properties of the unidirectional ply, it is possible to easily estimate the mechanical 

properties of the laminate. The Classical Laminate Theory (CLT) is used, which allows a rapid 

estimation of the behavior of the laminate. 

Once the strains and stresses of each ply are obtained, it is possible to apply a failure criterion 

such as the Tsai-Hill criterion, Eq. (1), e.g. [51].  

𝑅T−H = (
𝜎1
𝑋t
)
2

−
𝜎1 · 𝜎2

𝑋t
2 + (

𝜎2
𝑌t
)
2

+ (
𝜎12
𝑆l
)
2

 (1) 

 

A simple property degradation model based on the contributions to the Tsai-Hill criterion [51] 

has been applied. The selection of this criterion is due to its simple and fast implementation, 

utilizing easily obtainable properties, which makes it ideal for an industrial application where 

simplicity is sought in such casesoften required. When the failure criterion is reached, if the first 

summand of the criterion is greater than the sum of the third and fourth terms, the failure is 

considered to be fibre dominated. In that case, all its elastic properties will be degraded to zero, 

except for the elastic modulus in the traverse direction (E2). If the first summand is not dominant, 

the failure can be considered to be matrix dominated and the elastic modulus in the fibre 

direction (E1) is not degraded, setting the rest of elastic properties to zero. This procedure 

continues following the diagram shown in Figure 8 until the last ply reaches the failure criterion 

(Last Ply Failure approach, LPF). At that moment, the entire laminate is considered to reach final 

failure. 



 

Figure 8: Diagram of the property degradation model. 

Applying this model to the laminate studied in this work, the stress-strain curve shown in Figure 

9 is obtained. The apparent elasticity modulus obtained by CLT is 78.6GPa at the beginning of 

the test, when the laminate is intact. At the end of the test, when the non-oriented plies have 

failed and degraded in the model, the apparent elasticity modulus is 72.3GPa. The ultimate 

tensile strength estimated by CLT is 1268MPa. 

 

Figure 9: CLT applied load-displacement of the point of application curve. 

3.2. Classical Laminate Theory for laminates with waviness 

For the model with waviness, the development presented by Altmann in [15] has been followed. 

This approach does not consider the effect of interlaminar stresses (stresses in the out-of-plane 

direction), which can be very relevant. Therefore, this approach must be considered as a first 
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approximation to the problem. To recreate the wavy geometry of the laminates a sinusoidal 

function has been used following [34,35]. First the profile of the laminate with defects has been 

recreated by means of a sinusoidal function, Eq. (2): 

∆ℎ =
𝐵

 
cos (

 𝜋 𝑥

𝜆
) (2) 

  

where Δh is the increment in the through-thickness nodal coordinate due to the wave, B is the 

variation of amplitude through-the-thickness that varies linearly between the value 1 in the 

middle of the through the thickness position of the waviness and the value 0 in the extreme 

locations of the thickness coordinate,  is the maximum waviness amplitude, 𝜆 is the defect 

length and x is the longitudinal coordinate. The expression shown in Eq. (2) is only calculated 

when the node coordinates are located within a defect, otherwise ∆ℎ =   . 

To solve this model, it is divided into columns along the length, and CLT is applied to each of 

these columns (Figure 10). The columns of the sections without waviness (C1, C3, C5, C7, C9, 

C11) will not present differences with the model presented in section 3.1. 

 

Figure 10: Division along the specimen into segments. 

For the rest of the sections, an out-of-plane rotation must be applied because of the waviness. 

The rotation matrix in this case is: 

𝐓 =

(

 
 
 
 

𝛼1
2 𝛼2

2 𝛼3
2 

𝛽1
2 𝛽2

2 𝛽3
2 

𝛾1
2 𝛾2

2 𝛾3
2 

−𝛽1𝛾1 −𝛽2𝛾2 −𝛽3𝛾3
−𝛼1𝛾1 −𝛼2𝛾2 −𝛼3𝛾3
−𝛼1𝛽1 −𝛼2𝛽2 −𝛼3𝛽3

 

− 𝛼2𝛼3 − 𝛼1𝛼3 − 𝛼1𝛼2
− 𝛽2𝛽3 − 𝛽1𝛽3 − 𝛽1𝛽2
− 𝛾2𝛾3 − 𝛾1𝛾3 − 𝛾1𝛾2

   
𝛽2𝛾3 + 𝛽3𝛾2 𝛽1𝛾3 + 𝛽3𝛾1 𝛽2𝛾1 + 𝛽1𝛾2
𝛼2𝛾3 + 𝛼3𝛾2 𝛼1𝛾3 + 𝛼3𝛾1 𝛼2𝛾1 + 𝛼1𝛾2
𝛽2𝛼3 + 𝛽3𝛼2 𝛽1𝛼3 + 𝛽3𝛼1 𝛽2𝛼1 + 𝛽1𝛼2

 

)

 
 
 
 

 (3) 

where α, β and γ are the cosines of the new axes X', Y' and Z' with respect to the old axes X, Y 

and Z. In this way the ply can be rotated not only in the plane, but also out-of-plane. The stresses 

and strains for each of these columns are also calculated following the process described in 

section 3.1. The strain results obtained for each column are combined taking into account their 

length, so that the global strain of the laminate with the defects can be estimated. Regarding 

the failure criterion, the laminate will be considered to fail when the final failure occurs in one 

of these columns. A convergence analysis can be done to check how many divisions are needed 

to represent a defect (Figure 11). Seeking a compromise between precision and calculation time, 

15 divisions have been established in each wave since there is a difference in the results of less 

than 1% with respect to using 200 divisions per wave, for which the solution seems to converge. 

                           



 

Figure 11: Convergence of the applied load and displacement of the point of application as a 

function of the number of divisions made in each wave. 

In this way, the stress-strain curve is obtained for the case of the laminate with defects (Figure 

12). The apparent elasticity modulus obtained by CLT is 72.0GPa at the beginning of the test, 

when the laminate is intact. At the end of the test, with the non-oriented plies already degraded, 

the apparent elasticity modulus is 65.2GPa. The ultimate tensile strength estimated by CLT is 

815MPa.  

 

Figure 12: CLT applied load-displacement of the point of application curve with and without 

defect. 

4. Experimental results and discussion 

4.1. Batches for characterization and validation 

The properties for the unidirectional ply have been obtained following the ASTM D3039-17 [49] 

and ASTM D3518-18 [50] standards and are shown in Table 2. Batches B1, B2 and B3 have been 

            

                              

  

  

  

  

  

  

 
 
 
   
 
  
 
 
 
  
 
 
 

   

   

   

   

   

   

   

 

 
  
 
  
 
 
 
 
 
  
 
  
  
 
  
 
  
  
 
  
 
 
 
   
 
  
 
 
  
 
 
            

         

                                             

 

  

  

  

  

  

  

  

  

 
 
 
   
 
  
 
 
 
  
 
 
 

                      

                   



used to characterize the material. The average error estimated between the elastic modulus 

obtained from DIC and by extensometer for each of the specimens is 4%.  

Mechanical property DIC Extensometer 

E1 (GPa) 167 ± 13 167 ± 5 
E2 (GPa) 9.5 ± 0.6 9.5 ± 0.4 
ν12 (-) 0.21 - 
ν21 (-) 0.03 - 

G12 (GPa) 5.8 ± 0.1 - 
Xt (MPa) 2938 - 
Yt (MPa) 53 - 
Sl (MPa) 145 - 

Table 2. Unidirectional ply mechanical properties. 

As the extensometer has provided values very close to the DIC, it can be assumed that the non-

destructive technique predicts well the mechanical properties and the estimation of the rest of 

properties is valid, such as Poisson’        and the shear elastic modulus G12. These parameters 

are usually difficult to quantify due to the need to measure strains in both the longitudinal and 

transverse directions. 

4.2. Multidirectional batch 

After testing the first batches of validation and characterization, the multidirectional specimens 

of the batch B4 where tested. The applied load-displacement of the point of application curve 

has been obtained, as shown in Figure 13. The stress has been calculated as the force applied 

divided by the cross section of the specimen. For the strain, the average value of the strain field 

in the load direction at the surface of the specimen has been obtained using the DIC technique. 

 

Figure 13: Applied load-displacement of the point of application curve for batch without defect 

(B4). 

It is observed how CLT accurately predicts the slope at the beginning of the test, being the 

average of the apparent elasticity moduli of the laminate at the beginning of the test 76.8GPa 

(an average error less than 3%). Unlike the analytical model, the stiffness degradation occurs 

more smoothly, although the value near the end of the test is close to the one obtained 

analytically, being 71.0GPa the one obtained experimentally. However, despite the good 

         

                                             

 

  

  

  

  

  

  

  

  

 
 
 
   
 
  
 
 
 
  
 
 
 

   

     

     

     



estimation of stiffness, the CLT model overestimates the ultimate strength load and strain, being 

the mean obtained from the tests 1106MPa (a 13% less than in the CLT model). 

Figure 14 shows the broken parts of the specimen after the test. Something that can be pointed 

out from these fragments is that the ply that can be seen on the delaminated surface are mainly 

90° oriented. They are highlighted in orange in this figure. This indicates that the greatest 

damage at the interface and where delamination is mainly propagated is at the interface of the 

90° plies. 

 

Figure 14: B4 specimens after failure. 

4.3. Multidirectional batch with defects 

Finally, the batch with defects (out-of-plane waviness) (B5) is tested and compared to the 

laminate without defects (B4). The applied load-displacement of the point of application curve 

compared with the one obtained by CLT is shown in Figure 15. In this case, the analytical model 

slightly underestimates the ultimate load (13% lower).  

                 

                 

                



 

Figure 15: Applied load-displacement of the point of application curve for batches with (B5) 

out-of-plane waviness. 

The results can be compared between the two batches (B4 - without defects and B5 - with 

defects) in Figure 16. The apparent elastic modulus at the beginning of the test for the laminate 

with waves is 76.2GPa. This value is very similar to that obtained with the laminates without 

defects, so for low loads the existence of defects with a severity similar to those introduced in 

this study may go unnoticed. It could be detected at higher loads, since the apparent elastic 

modulus near failure is 64.3GPa, 9.4% lower than the one obtained without the defects. In this 

stage, an ultimate tensile strength of 930MPa is obtained, 16% lower than the one of the 

laminates without defects. These values are also shown in Table 3 for comparison. 

 

Figure 16: Applied stress-averaged strain curve for batches without (B4) and with (B5) out-of-

plane waviness. 

 

         

                                             

 

  

  

  

  

  

  

  

  

 
 
 
   
 
  
 
 
 
  
 
 
 

   

     

     

     

         

                                             

 

  

  

  

  

  

  

  

  

 
 
 
   
 
  
 
 
 
  
 
 
 

     

     

     

     

     

     



 

Apparent 
elastic modulus 

at the 
beginning of 

the test 
(GPa) 

Apparent 
elastic modulus 

at the end of 
the test 

(GPa) 

Mean 
maximum 

applied stress 
(MPa) 

Mean 
maximum 

apparent strain 
in the loading 

direction 
(-) 

CLT 
(w/o defect) 

78.6 72.3 1268 0.0176 

B4 
(w/o defect) 

76.8 71.0 1106 0.0150 

CLT 
(with defect) 

72.0 65.2 815 0.0125 

B5 
(with defect) 

76.2 64.3 930 0.0133 

Table 3. Comparison between the results of the CLT and those obtained experimentally. 

Specimens after testing are shown in Figure 17. In this case, the failure shows a stepped 

distribution in the laminate. This is because the out-of-plane waviness concentrate the damage 

and the final failure occurs at different lengths and heights at the vicinity these waves, showing 

a staggered pattern. In this case, delamination is also observed, but this propagates from the 

defects. 

 

Figure 17: B5 specimens after failure. 

Figure 18 shows the evolution of the strain field in the direction of the load on the surface of 

two specimens, one without defects (top) and the other with defects (bottom), obtained using 

the DIC technique. The laminate without defects (B4) shows a uniform distributed strain field, 

whereas the specimen with defects (B5) shows bands of low strain over the wave location. Near 

these bands of low strain, other bands of high strain appear, which are accentuated as the test 

progresses. The value of the strain field between these bands is equivalent to that obtained in 

the laminate without defects (B4). These bands appear at the location of the defects, making it 

                 

                 

                         

                



possible to locate the defect with DIC even at low loads, when the change in stiffness is not 

noticeable yet. 

 

Figure 18:  Evolution of the strain field in B4 and B5 specimens. 

The reason why these bands appear is due to out-of-plane waviness (Figure 19). These bands 

indicate that the upper part of the wave is almost free of strains, and next to these bands are 

highly strained zones that correspond to the areas with the greatest slope of the undulations. 

This greater slope causes a greater misalignment of the fibre, which makes it the critical region 

for the appearance of cracks. After the failure of these zones, the upper part of the wave will be 

free of stresses. 

                           

                                            

 

  

  

  

  

 
 
 
   
 
  
 
 
 
  
 
 

     

     



 

Figure 19:  Schematic of the strain field observed with DIC in a wave. 

Another advantage of the DIC is that it allows to obtain the strain in the longitudinal and 

transversal directions. The relationship between these two strains is shown in Figure 20 where 

results put into relief that this ratio can be an indicator for predicting damage in the laminate. 

The graph shows a clear change in the slope of the curve. This indicates that the laminate is no 

longer behaving properly, and the loads are not being transmitted correctly due to the failure of 

the non-oriented plies. This can be explained because the stiffness in the transverse direction 

decreases due to the growth of transverse cracks and interlayer delamination. The beginning of 

this effect occurs with a slightly lower deformation in the direction of the load in the case of 

specimens with defects, this being 0.0075, while without defects it occurs at 0.0085. 

 

Figure 20: Ratio between the apparent strain in the load direction and the transverse 

direction. 

Finally, Figure 21 shows the local evolution of the strains at the defects. The image to the right 

is a strain field from DIC on a specimen with defects prior to final failure. A correlation between 

the position and the obtained strain is observed. The central defect shows a similar slope to the 

one of the entire laminate at the start of the test. This is due to the fact that it is a very superficial 

defect, affecting only 2 plies, so it can go unnoticed at the beginning of the test. The adjacent 

          

           
      
                       

           
      
                       

          
                      

               
                 
       

               
                 
       

 

 

                   

 
              
            

     

      

     

      

 

  
  
 
 
 
 
  
 
  
  
 
 
  
 
 

 
 
 
 
  
 
 

  
  

     

     

     

     

     

     



ones show a higher stiffness value, and the same with those adjacent to them. These two pairs, 

named as D3-D5 and D2-D6 in Figure 4, are located at the same depth. These four defects show 

a sudden drop in strain at the instant the ply fails and the top of the wave is free of stresses. The 

failure takes place adjacent to the defect and are identifies with DIC as two bands of high strain 

at both sides of the wave. 

 

Figure 21:  Evolution of the strain at each waving defect. 

5. Numerical model implementation 

Finite element models of the quasi-isotropic specimens were developed using Abaqus/Standard 

in order to assess the failure mechanisms for each kind of specimen. Two models were created, 

one for the laminate without defects and another one recreating the out-of-plane waviness of 

the laminate with the stacking sequence described in section 2. 8 node-linear brick, reduced 

integration and hourglass control elements were used (C3D8R elements). The through thickness 

discretization is one element per ply, as also chosen in the literature 

[34,35,52,53]. The element size was 0.5 mm.  

Displacement boundary conditions were imposed at the end of the tabs, reproducing grip 

fastening and crosshead displacement in the testing machine. The waves lying between the tabs 

in the extreme positions of the laminate with defects were not modelled. 0.001 mm thick 

cohesive elements (COH3D8) layers with one element through the thickness were used to model 

delamination between plies. Two models (with and without cohesive elements) were generated 

for the laminate without defects. The mesh sensitivity analysis carried out in reference [34] 

proves that the proposed meshing scheme is enough to achieve convergence. 

The former is composed of 132000 C3D8R elements. The latter has the same number of C3D8R 

elements plus 120000 COH3D8 elements. The complete laminate with defects was modeled 

using 264000 C3D8R elements. A further model with only the most severe waves (defects 

number 2 and 3) incorporated cohesive elements, with 39600 C3D8R elements and 37800 

COH3D8 elements. 

  

  

  

  

  

  

  

               

 
              

   

 

  

  

  

  

  

  

 
 
 
   
 
  
 
 
 
  
 
 

              

        

        

        

        

        



To recreate the wavy geometry of the laminates a sinusoidal function has been used following 

[34,35]. In this case, the thickness coordinate of each node is defined by a constant value that 

represents the lamina upper or lower Z coordinate where no defect is found plus a variable value 

described by Eq. (2).  

A Matlab script has been generated to create a 3D mesh as shown in Figure 22. This script allows 

the user to generate multiple defects along the specimen length, having each of them its own 

amplitude and length. The waves do not need to span all the laminate thickness, but they can 

be limited to a specific region in order to replicate the geometry shown in Figure 4, where it can 

be seen that the defect only modifies the upper plies of the laminate, keeping the lower plies in 

their straight configuration. A FEM mesh of a wavy laminate was generated using the 

geometrical data provided by the manufacturer (Table 4).  

 

Figure 22: CFRP specimen including out-of-plane waviness defects D2 and D3 of the FE model. 

Defect number  
(mm) 

 
(mm) 

/ 
(-) 

1 0.575 8.87 0.0648 
2 0.499 11.03 0.0452 
3 0.479 7.96 0.0602 
4 0.489 9.39 0.0521 
5 0.479 9.82 0.0488 
6 0.479 10.45 0.0458 
7 0.537 9.39 0.0572 
Table 4. Defect properties modeled. 



The material model was defined through a UMAT subroutine. Material properties obtained with 

DIC and presented in Table 2 were used. CFRP material was assumed to have a linear behavior 

until failure, after which its properties were degraded. The constitutive model of the material is 

described by Eq. (4).  

𝐌 𝐒 𝛔 =  𝛆 (4) 
 

Where 𝛔 is the stress tensor, 𝛆 is the strain tensor, S is the compliance matrix and M is the 

degradation matrix presented in eq. (5).  

𝐌 = 
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where the parameter df represents fibre damage, dm represents matrix damage and ds 

represents shear damage. These variables take the value 0 when no damage has occurred and 

1 when damage is completely developed.  

To estimate failure onset, the Hashin failure criterion [54] is selected, except for tension fibre 

failure, where a maximum stress criterion has been used because the original Hashin criterion 

for this type of failure underestimated the laminate strength in the presence of wrinkles by near 

40%. Hence, four different failure modes are considered: fibre failure at tension and 

compression and matrix failure at tension and compression. The expressions that define these 

modes of failure are shown in Table 5. In these equations, σij and τij are the components of the 

stress tensor, Xt and Xc are the strengths of the laminate in tension and compression for the fibre 

direction, Yt and Yc are the strengths in tension and compression for the transverse direction and 

Sl and St are the intralaminar and interlaminar shear strength respectively. Once the value of 

these expressions reaches 1, some of the material stiffness values start degrading depending on 

the mode of failure that caused the damage. A mode dependent model has been chosen to 

identify which component of the composite material is producing the failure. 

Traction matrix 

cracking 
(
𝜎22 + 𝜎33

𝑌t
)
2

+
𝜏23
2 − 𝜎22𝜎33

𝑆t
2 +

𝜏12
2 + 𝜏13

2

𝑆l
2 =   

Compression 

matrix cracking 
[(
𝑌c
  𝑆t

)

2

−  ]
𝜎22 + 𝜎33

𝑌c
+ (
𝜎22 + 𝜎33
  𝑆t

)
2

+
𝜏23
2 − 𝜎22𝜎33

𝑆t
2 +

𝜏12
2 + 𝜏13

2

𝑆l
2 =   

Tension fibre 

breakage  

𝜎11
𝑋t
=   



Fibre micro-

buckling in 

compression 

−𝜎11
𝑋c

=   

Table 5. Failure criteria used in this work. 

After reaching damage onset, the corresponding damage variables start growing. The variable 

df is affected by fibre failure and dm is affected by matrix failure. The implemented UMAT 

subroutine has a variable for each type of failure (fibre, matrix and shear failure):  

𝑑f =  {
    𝑑f

+    𝑖𝑓    𝜎1 ≥  

   𝑑f
−    𝑖𝑓    𝜎1 <  

 (6) 

  

𝑑m =  {
    𝑑m

+     𝑖𝑓    𝜎2 ≥  
   𝑑m

−     𝑖𝑓    𝜎2 <  
 (7) 

  

𝑑s =  − ( − 𝑑f
+)( − 𝑑f

−)( − 𝑑m
+ )( − 𝑑m

− ) (8) 
 

All the damage variables are calculated at every increment within the FE code. 

5.1. Fibre damage modelling 

Fibre stiffness degradation has not been considered in this work, which means that once fibre 

fails in tension, it is not able to carry further load and a sudden loss of stiffness takes place. 

Numerically, the damage variable df is given a value of 0.98 after damage onset, drastically 

reducing the stiffness of the laminate. That value was chosen instead of 1 in order to avoid 

numerical issues.  

5.2. Matrix damage modelling 

Matrix microcracks are the first failure mechanism that usually appears when testing multi 

directional laminated composites. These cracks are not considered to cause the final failure of 

quasi-isotropic laminates, such as those analyzed in this work. However, they ease the initiation 

and propagation of delamination, which is a common failure mode in multi directional laminates 

due to the shear stress between different orientations plies. 

It is well known that 90° plies are usually the first ones to develop cracks, followed by the ±45° 

plies. The progressive appearance of cracks in the matrix gradually reduces the stiffness of those 

plies, transmitting the load from the failed plies to the pristine ones, normally the 0° plies. As 

the strength in the fibre direction is normally much higher than the strength in the matrix 

direction, the laminate can be loaded a bit further after matrix damage appears. With the aim 

of capturing the progressive damage evolution, a progressive stiffness reduction has been 

implemented in the UMAT subroutine.  

The progressive degradation model presented in [55] is used in this work. In this study, a bilinear 

law is defined to compute the value of the damage variable dm after failure onset has been 

detected. After failure, the value of dm is calculated using Eq. (9), where dm is the matrix damage 

variable, f
m,eq is the final equivalent displacement when the matrix is fully damaged and cannot 

withstand further loads (dm = 1), 0
m,eq is the equivalent displacement at failure onset and m,eq 

is the current equivalent displacement. Once failure onset has occurred, f
m,eq is estimated using 

Eq.(10), where Geq is the matrix mixed mode fracture energy calculated following [55] and 0
m,eq 

is the equivalent stress at failure onset.  



𝑑m =
𝛿m,eq
f (𝛿m,eq − 𝛿m,eq

0 )

𝛿m,eq(𝛿m,eq
𝑓

− 𝛿m,eq
0 )

 (9) 

  

𝛅m,eq
f =

 𝐆eq

𝛔m,eq
0  (10) 

  

The equivalent displacements are obtained from the equivalent strain calculated through Eq. 

(11). In order to alleviate the progressive damage model mesh dependency, a characteristic 

element length has been used to obtain the equivalent displacements [56], being this length of 

0.5 mm for the 0° and 90° plies and 0.3536 mm for the ±45° plies. The equivalent stress is 

obtained using Eq. (12).  

𝜀mt,eq = √〈𝜀22〉
2 + 〈𝜀33〉

2 + 𝛾12
2 + 𝛾23

2 + 𝛾13
2   (11) 

  

𝜎mt,eq =
〈𝜎22〉〈𝜀22〉 + 〈𝜎33〉〈𝜀33〉 + 𝜏12𝛾12 + 𝜏23𝛾23 + 𝜏13𝛾13

𝜀mt,eq
 (12) 

 

5.3. Interlaminar failure mode 

The greater the wrinkle severity factor is, the more probable the delamination before 

intralaminar failure is. One of the most used techniques to model delamination is CZM. In this 

work, Abaqus built-in cohesive elements COH3D8 are used to model delamination. Quadratic 

stress criterion is chosen to model element failure onset. A bilinear cohesive law is selected to 

simulate damage evolution with a mixed-mode power law. All cohesive parameters are taken 

from [34] where the authors model a CFRP wavy laminate. All the parameters needed to 

characterize the cohesive behavior are shown in Table 6.  

KI 
(N/mm3) 

KII 
(N/mm3) 

KIII 
(N/mm3) 

I 
(MPa) 

II 
(MPa) 

III 
(MPa) 

GIc 
(N/mm) 

GIIc 
(N/mm) 

GIIIc 
(N/mm) 

105 105 105 60 90 90 0.26 1.002 1.002 

Table 6. Cohesive parameters. 

 

6. Numerical model results and discussion 

The Finite Element Models analyzed were compared against the experimental data obtained 

with the DIC technique. To carry out this comparison, the stress-strain curves obtained with FEM 

were plotted along with those from the tests. Also, the surface strain field was obtained in the 

FEM models and compared to that from the DIC technique.  

6.1. Model without defects 

Figure 23(a) shows the stress-strain curves of the FEM model and experimental tests (B4-P1, B4-

P2 and B4-P3 in the legend) for the laminate without defects. The stress-strain curves are in 

good agreement with experimental data. Both models capture well the failure stress, but 

overestimate the laminate failure deformation by about 6.5%. The model with cohesive 

elements implies a slightly faster failure also. Figure 23(b) shows the transverse strain in the 

upper face of the laminate against the strain in the load direction. It can be seen that both 



numerical models behave in a similar way, capturing a first strain drop when matrix failure 

occurs at 90° plies. However, they are not able to reproduce the greater negative slope observed 

during testing, which corresponds to the 45° plies matrix failure. Taking a less conservative 

matrix damage model would fit better the FE models curves shown in Figure 23(b) with 

experimental data, but it would increase the differences in the stress-strain plot, which is able 

to predict strength with a reasonable accuracy. 

  
a) b) 

Figure 23: Stress-strain curves (a) and transverse strain vs longitudinal strain curves (b) for the 

laminate without defects. 

After analyzing damage evolution in the numerical model, some information can be extracted. 

First, related to matrix failure, both models reproduce the matrix failure of the 90° plies, showing 

a smooth decreasing stiffness of the whole laminate when failure state is achieved. The smooth 

scheme used to reduce matrix stiffness after failure produces the transition from the non-

damaged laminate stiffness (predicted to be of 77.45GPa in the model) to a transition stiffness 

that lasts until 45° plies fail too, where stiffness decreases again. On the other hand, fibre failure 

started at 0° plies, producing a highly fast stiffness reduction, which is the mechanism that 

causes final failure. Delamination is not produced in the model, but the most damaged cohesive 

elements are those between 0° and 90° plies because of the greater shear forces generated 

between completely perpendicular ply orientations. 

6.2. Model with defects 

A model without cohesive elements reproducing the whole geometry of specimens with waves 

has been analyzed to determine the most vulnerable defects. Then, the two defects that 

concentrated the most catastrophic failures were modeled individually with cohesive elements, 

saving the computational cost of the full model. Defects number 2 and 3 are selected to be 

modeled individually. These defects were chosen after observing our experimental results and 

the predictions made by the model without cohesive elements. Despite the model without 

cohesive elements predicted a reasonable good behavior of the specimen, delamination was 

clearly observed in the experimental tests. Therefore, cohesive elements were needed in order 

to assess the specimen damage and failure process.  

6.2.1. Model without cohesive elements 

 
  

                   

 
 
    

     

      

     

      

 
  
  
  

     

     

     

               

            



  
a) b) 

Figure 24: Stress-strain curves (a) and transverse strain vs longitudinal strain (b) curves for the 

laminate with defects. 

The stress-strain curves for the undulated laminate tests and numerical model are shown in 

Figure 24, as well as the transverse strain vs longitudinal strain. Since the whole specimen has 

only been modeled without using cohesive elements, only the results of that simulation are 

compared with experimental tests. It can be observed in Figure 24(a) that the model without 

cohesive elements is in good agreement with the experimental results, being a great tool to 

make a first estimation of the laminate strength.  

Paying attention to Figure 24(b), results show that our model is not able to capture the decrease 

in transverse strain produced when matrix failure occurs. Despite a strain decrease is predicted, 

the decrease observed in the experimental tests is larger. This mismatch could be caused by a 

late fibre failure in ±45° plies. Matrix starts degrading in our model at a longitudinal strain of 

about 0.0075, just when tests predict the transverse strain decrease. However, this failure is 

insufficient to produce a transverse strain decrease. At a longitudinal strain of 0.0125, fibre 

failure starts at 0° plies. It is quickly propagated to adjacent 45° plies. At that moment, the slope 

of the transverse strain vs. longitudinal strain curve is similar to that found during testing.  

Figure 25 shows the degradation value corresponding to fibre and matrix failure at laminate final 

failure state. As it can be seen, the D2 defect is the unique defect presenting fibre failure. That 

means the break of the laminate is going to be located in this area. D3 and D5 defects are largely 

affected by matrix failure, as well as D2 defect. While D2 defect has not the highest severity 

factor (see Table 4), its position at the half thickness of the laminate (see Figure 2) affects a 

greater number of 0° plies than the defects near the top surface, which explains why it 

concentrates all fibre failure. 

                   

 
 
    

     

      

     

      

 

  
  
  

     

     

     

               



a) 

b) 

 

Figure 25: Matrix failure variable (a) and fibre failure variable (b) for the laminate with wrinkles 

after final failure. 

Finally, the numerical model is able to reproduce the strain field of the top ply in the load 

direction, as shown in Figure 26. Both the FE model and the DIC technique show a similar strain 

distribution on the top surface of the laminate. The value of the mean strain appears where no 

wrinkle is present, matching the expected value of strain in the global direction 1 (load direction) 

for the laminate without defects. A band of different strains localizes in the vicinity of the defect. 

While in the middle of that band strain decreases, the transition between the non-undulated 

area of the laminate and the wrinkle produces a higher strain concentration that, combined with 

its stress concentration characteristics, promotes failure onset there.  



 

Figure 26: Longitudinal strain for B5-P2 specimen and the corresponding numerical model with 

defects. 

The main difference between the numerical model and tests is the strain band for the defects 

located in the middle of the laminate thickness (defects D2 and D6). The model is not able to 

capture the strain field observed with DIC for these defects during the early stages of the test 

because the wave describing them is not near the free surface of the laminate, whereas defects 

D3, D4 and D5 directly affect the surface as shown in Figure 4.  

For D3 to D5 defects, the model is able to capture the main tendencies in the strain field. D3 and 

D5 show a greater strain increment in the transition zone from curved fibre to plane fibre both 

experimental and numerical model cases. Defect 4 mainly induces a decrease in the strain field 

in the middle of the wave, while the effects over its surroundings are not too remarkable.   

 

 

         
                                          

      
      
      
      
      
      
      
      
      
      
      
      
      

         
                                          

      
      
      
      
      
      
      
      
      
      
      
      
      

       

      

         
                                          

      
      
      
      
      
      
      
      
      
      
      
      
      

       

      



6.2.2. Model with cohesive elements 

With respect to the FEM models with cohesive elements, delamination appears after matrix 

failure has degraded the properties of 90° plies. In our models, delamination always takes place 

between 0° and 90° plies, specially near the wrinkle defect.  

Figure 27 shows completely damaged and degraded cohesive elements (in red) for defects D2 

and D3. These damaged elements represent delamination growing, being more severe at the 

wave sides and propagating along the longitudinal direction. It always appears between 0° and 

90° plies, as mentioned above, and once 90° plies have completely developed matrix damage. 

a) 

 

b) 

Figure 27: Damaged (in red) cohesive elements for defects D2 (a) and D3 (b). 

7. Conclusions 

In this study, two different CFRP laminates were tested under tensile loads, one with various 

out-of-plane wrinkles and another one without them. Unidirectional laminates and shear 

specimens were previously tested to characterize material properties. The DIC technique was 

used together with an extensometer to compare experimental results. The applicability of an 

analytical model based on CLT to quickly and easily obtain the apparent behavior of a laminate 

with multiple wrinkles has been demonstrated. Finally, a FE model was implemented to study 

the failure mechanisms of quasi-isotropic laminates with and without wrinkles. 

The material properties obtained with DIC are in good agreement with those calculated using 

the extensometer, with an error less than 4%. It is concluded that the DIC technique can be 

applied as a non-destructive technique to assess wrinkle severity by obtaining the strain field 

produced in the load direction. As observed during testing, a strain variation appears near the 



defects even in the elastic regime of the laminate. DIC strain fields can also predict non 

catastrophic damage in the laminate by obtaining the transverse strain of the laminate as 

explained in Section 4. 

The experimental results conclude that the presence of defects in the laminate produces a clear 

decrease in laminate strength, up to a 16%. It produces a slight decrease in stiffness too, which 

at the beginning of the test may be barely noticeable at just 0.8%. However, as damage 

progresses, it can diverge by up to 9.4%. The fact that the effect on stiffness is less pronounced 

than on strength highlights the need for the use of non-destructive techniques such as DIC for 

damage localization and detection. This study underscores the 

potential application of the DIC technique within the industrial 

environment, of particular interest in post-manufacturing 

component quality assurance. Through the application of controlled inspection loads, 

the DIC 

approach swiftly and effectively identifies defects.

 Such insights emphasize the integral role of DIC in enhancing product integrity and service 

 Such insights emphasize the integral role of DIC in enhancing product integrity and service 

 Such insights emphasize the integral role of DIC in enhancing 

product integrity and service performance

. 

The numerical model implemented is able to capture the laminate behavior. It is a useful tool to 

estimate laminate strength with and without defects with an error of 4.9% and 6.6% 

respectively. It has been found that this error can be slightly reduced by including cohesive 

elements, reaching as low as 3.6% in the case without defects. However, this improvement 

comes at a notable increase in computational cost since the model without cohesive elements 

only needs 15 minutes to be solved, but the model with cohesive elements takes 26 hours to 

complete its simulation using the same number of CPUs and the same computer. In addition, 

strains at the top ply are well captured, with similar results to the experimental specimens. 

These results have been compared and validated with those obtained by DIC. They show the 

same strain bands caused by the defects, as seen during the test. This demonstrates the utility 

of the combination of DIC techniques with numerical modeling, as it enables the model 

validation while providing valuable information about the interior of the material. This is 

particularly advantageous because it addresses one of the limitations of DIC, which is its inability 

to capture internal material behavior. 

In the damage model applied in the FEM, matrix damage does not have great consequences on 

the laminate behavior, as the laminate is still far from its failure strength and the stiffness 

reduction is not excessive. In contrast, delamination and fibre failure entail a loss of stiffness 

and the final failure of the laminate, obviously being much more severe than matrix failure. Fibre 

wrinkles act as a stress concentrator, localizing failure onset near the wrinkle.  

As observed in the numerical model, ply-stacking sequence plays an important role in 

combination with out-of-plane wrinkles. Since plies orientated along the load direction support 

most of the load, wave defects deforming these plies by a great amount are prone to develop 

fibre failure and, as a consequence, the final failure of the laminate. 
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