
 

Document downloaded from: 

 

This paper must be cited as:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The final publication is available at 

 

 

Copyright 

 

Additional Information 

 

http://hdl.handle.net/10251/200389

Calvo, JV.; Feito-Sánchez, N.; Miguélez, MH.; Giner Maravilla, E. (2022). Modeling the
delamination failure under compressive loads in CFRP laminates based on digital image
correlation analysis. Composite Structures. 287:1-12.
https://doi.org/10.1016/j.compstruct.2022.115265

https://doi.org/10.1016/j.compstruct.2022.115265

Elsevier



Modeling the delamination failure 

compressive loads in CFRP 

laminates based on digital image correlation 

analysis. 
J. V. Calvo1*, N. Feito2, M. H. Miguelez1, E. Giner2. 

1 Department of Mechanical Engineering, University Carlos III of Madrid, Avda. Universidad 30, 28911 

Leganés, Madrid, Spain 

2 Institute of Mechanical and Biomechanical Engineering - I2MB, Department of Mechanical and Materials 

Engineering, Universitat Politècnica de València, Camino de Vera, 46022 Valencia, Spain 

*corresponding author: jocalvoo@ing.uc3m.es 

Abstract  

L aminate composite materials such as CFRPs are highly susceptible to delamination, being one 

of the common failure modes in composite laminates. The combination of severe delamination 

with uniaxial compressive loads leads to the loss of stability and structure failure. In this study, 

the authors present an experimental and numerical analysis of this effect in laminates. A series 

of tests were carried out with four different specimens including delamination-free plates and 

plates with incipient delamination with different damage size and location. 3D Digital Imagen 

Correlation technique was applied to predict the buckling initiation and propagation and to 

validate the numerical models implemented, showing good agreement between the numerical 

and experimental results. Model material failure includes Hashin criterion and cohesive zone 

model (CZM) to predict delamination. Finally, numerical models have been used to predict the 

crack initiation and progression in the rest of samples. 

Keywords:  CFRP composites, Compression test, FEM analysis, numerical model, digital image 

correlation. 

1. Introduction 

CFRP materials exhibiting high strength/stiffness-to-weight ratios have been increasingly used 

in the manufacturing of responsibility structures in aerospace engineering and other fields 

during last decades. However, due to the anisotropic behavior generated by the fibers 

orientation, the study of failure modes are complicated, being the delamination damage the 

most significant failure mechanism [1]. This defect can be related to manufacturing fault [2–4], 

free edge effect [5,6], or impact by a foreign object [7–10] affecting the mechanical response of 

the composite component. The possibility of the uncontrolled growth of existing delamination 

is an important problem frequently addressed in the literature [11–16]. 

Failure of composite laminates can be described through the simple theory of the first ply failure 

theory (FPF) [17] which considers the laminate failure when the first layer of the laminate is 

damaged. Damage state in these structures can be observed experimentally using techniques as 

ultrasonic C-scan [10,18,19], X-ray radiography [20–22], acoustic emission [23,24], ultrasonic 

testing [25–27] or Digital Image Correlation (DIC) [3,8,24,27]. Once the location and the extent 



of the defects are identified, the main concern is to determine their influence on the mechanical 

properties of the material.  

The damage initiation assessment in numerical calculations can be performed using the Hashin 

failure criterion [28]. This criterion identifies four different failure modes for the composite 

material: tensile fiber failure, compressive fiber failure, tensile matrix failure, and compressive 

matrix failure. The damage initiation is related to the reach of initial critical parameters of the 

composite material for each one of the failure modes. Combining the Hashin criterion with 

stiffness degradation, the damage progression can be conducted. The Hashin criterion has been 

succesfully implemented in the literature for CFRP studies [3,29–31]. 

Study of delamination is especially relevant under in-plane compressive loading, where the 

propagation of an interlaminar flaw is promoted. New methods of analysis and evaluation of the 

complex structures and multi-load cases studies have been reported in the literature [29,32–

34]. Analysis of buckling of laminated structures have defined three stages of damage in the full 

range of loads. In the first stage, the damage of the composite material is initiated. During the 

second stage, damage evolution grows generating a mixed or global buckling mode, which 

depends on the size and location of the delamination in the thickness direction of the laminate. 

The occurrence of instability phenomenon depends on several parameters as the delamination 

geometry, ply material properties, or the stacking sequence of the laminate [35–38]. In the final 

stage, the structure collapses. The three buckling mode shapes can be observed in Fig. 1. 

 

Figure 1: Three buckling mode shapes. 

Under uniaxial compressive loading, delamination generally causes an increase in the Strain 

Energy Release Rate (SERR). When the energy for the propagation of the delamination reaches 

the critical level, delamination grows leading to further stiffness loss, and consequently larger 

deflections. The fracture Mode II (shearing) appears when SERR rises due to a global buckling. 

The combination of Mode I (opening) and Mode II occurs in local or mixed buckling mode shapes 

[16]. The Strain Energy Release Rate has been calculated by several authors (see for instance 

Chai et al. [39], Bruo et al. [40], K¨ollner et al. [41]). All authors calculated the SERR as the first 

variation of the total strain energy of the structure with respect to the length of the delaminated 

region. 

However, most formulations for predicting the post-buckling behavior of delaminated 

composite plates are based on the Crack Extension Techniques (CET) for calculating SERR. The 

CET determines the total SERR as the difference between the strain energies of the plate before 

and after an infinitesimal advancement of the crack front per unit surface area of the newly 

cracked region [16] and it has been implemented in one dimensional and two-dimensional 

analyses for Finite Element Method (FEM) allows developing more complex 

techniques as the Virtual Crack Closure Technique (VCCT) [47,48] and Cohesive Zone Models 

(CZMs) [49,50] for modeling the progressive growth of delamination. VCCT involves the 



assumption that energy released during the crack growth is equal to the energy required for 

closing it. This technique can determine the energy release rates corresponding to the three 

simple fracture modes [48,51–54]. CZMs assign a decohesive constitutive law to an imaginary 

interface located in the delamination plane. CZMs predict both the damage initiation and 

delamination damage evolution and it was successfully implemented in linear elastic and elasto-

plastic crack propagation problems [55–61]. 

This paper presents the results of experimental tests of CFRP composite laminates with initial 

delamination. Specimens were manufactured through the autoclave technique and 

subsequently subjected to axial compression in the full range of loading conditions up to failure. 

3D Digital Imagen Correlation technique was used to detect the buckling initiation and 

propagation. The tested specimen was modeled using the finite element method (FEM) with the 

CZM approach and the Hashin failure criteria. Numerical predictions were compared with the 

DIC results for validation. Finally, numerical investigations were analyzed to discuss the effects 

of initial delamination size and location on the buckling mode intralaminar damage. rectangular 

delamination [42–44] and elliptical delamination [45,46]. 

2. Materials and experimental set-up 

All specimens are cut from a flat laminate with four unidirectional carbon/epoxy layers made of 

SparPreg™ prepregs supplied by Gurit company and manufactured through autoclave. The 

dimensions of the plates are 140 × 20 mm with a total thickness of 1.3 mm. The mechanical 

properties of one ply are listed in Table 1 where the subscript 1 represents the fiber direction 

and 2 the direction transverse to the fiber. At both ends of the composite laminate specimen 

tabs of 35 mm were added following the D3410/D3410M standard recommendation [62], 

restricting the effective length (L) of the experimental specimen where the delamination can 

propagate to 70 mm. 

Fiber volume ρ E1t E2t E1c E2c G12 

66 % 1.55 g/cm3 140 GPa 7.9 GPa 123 GPa 7.2 GPa 4.9 GPa 

υ12 Xt Yt Xc Yc Sl St 

0.79 2234 MPa 45 MPa 1183 MPa 146 MPa 51 MPa 81 MPa 

Table 1 Mechanical properties of the one CFRP ply provided by Gurit. 

 

(a) No delamination (b) Middel plane delamination 

  

(c) Upper-ply delamination  (d) Upper-ply delamination 

  

Figure 2: Scheme of the different specimens used in this study. 



A scheme of the specimens with different configurations of delamination shapes and locations 

considered in this work is shown in Fig. 2. The first configuration does not include any damage 

in the laminate. The second, third and fourth configurations (Fig. 2 (b), (c) and (d) respectively) 

correspond to specimens with induced delamination. Specimens (c) and (d) were manufactured 

with the same delamination location but with different size. These defects have been generated 

placing during laminate manufacturing a 0.025 mm thick Teflon sheet with the length indicated 

for each case. 

Buckling tests were carried out in an electro-mechanic testing machine, MTS C42.503, equiped 

with a load cell of 5 kN. Clamps were used to fix the initial position avoiding sliding and rotation 

during the application of compressive load. The Digital Image Correlation technique (DIC) was 

used to obtain the displacement field on the up layer of the laminate during quasi-static tests. 

This non-destructive methodology is based on optical displacement measurement using image 

pattern tracking for accurate 3D surface deformation measurements during testing. The DIC 

technique divides the region of interest (ROI) in squared faces to track their displacement based 

on an image pattern matching criterion and compares each deformed image with either the 

reference or the previous one. A ROI that covered the whole area on the top surface of the 

specimen was defined. A scheme of the set-up is shown in Fig. 3. 

 

Figure 3: Experimental testing and imaging set-up. 

The images were acquired with a high resolution fixed focal lens (HF7518V-2, Myutron, Tokyo, 

Japan) and extension rings of 10 mm (focal length of 65 mm). The upper layer surface of the 

specimen was speckled using randomly distributed black and white spray paints to increase 

contrast, as shown in Fig. 4. Moreover, the quality of the pattern was inspected using VIC-3D 

Digital Image Correlation software (v.6.0.2 Correlated Solutions Inc., Irmo, SC, USA) to verify 

optimum speckle pattern on the surface of the specimens. 

The cameras were calibrated with images of a standard speckle provided by Correlated Solutions 

for reference. All tests were performed under displacement control mode and quasistatic 

conditions, with displacement rate of 1.5 mm/min following the D3410/D3410M standard [62]. 

The force–displacement data were registered. No pre-load was applied, and all tests were 

loaded up to final failure of the specimens. 

 



Specimen without speckle 

 

Specimen with speckle and tabs 

 

Figure 4:  Geometry and preparation of the CFRP specimens. 

3. Experimental results and discussion 

Two buckling modes were clearly observed during the experiments. Fig. 5 shows both modes: 

global bucking for the geometries A and B and mixed buckling mode for the geometries C and 

D. Experimental data are shown in Fig. 6, where the plots force–displacement are represented. 

      
(a) (b) 

Figure 5: Examples of buckling global mode for geometry B (a) and buckling mixed mode for 

geometry D (b). 

Buckling mode depends on the delamination configuration. Samples A (specimen without 

delamination) and B (specimen with delamination in the middle plane) present similar behaviour 

(Fig. 6 (a) and (b) respectively), with buckling occurring in global mode, and the response of both 

types of specimens are the same at the beginning of the test. In the case of geometry B the 

global buckling developed with both sublaminates deflecting in the same direction, Fig. 5 (a), as 

reported in the literature [57,63]. However, it is observed that, following the First Plane Failure 

Theory, specimens with delamination fail more abruptly than delamination-free specimens. 

On the other hand, samples C and D present similar behaviour (Fig. 6 (c) and (d)), but different 

to configurations A and B. These specimens have delamination in the upper ply, near the free 

surface, but with different size. During the initial phase of the experiment, local buckling mode 

was observed in the thinner sub-laminate, as reported in other studies [37,57]. This occurs 

because the appearance of this local buckling delays and counteracts global buckling, resulting 



in reduced specimen bending. This phenomenon is reflected at the initial slope of the plots, 

more steep in C and D than A and B samples. It can be concluded that plates with upper 

delamination present a stiffer response than that observed in middle plane delamination 

specimens, reaching the maximum peak load at lower displacement. 

  
(a) (b) 

  
(c) (d) 

Figure 6:  Compressive Force-Displacement curves for the different tested geometries. 

As the displacement increases, the resistance in case A is reduced up to the final fiber–matrix 

breakage as can be seen in Fig. 7 (a). Delamination initiation and propagation was negligible. For 

geometry B, the deflection occurred in the same direction with delamination mode II being 

dominant. The peak load is the same observed in case A, and it wasreached at the same 

displacement. In this case, the delamination propagation generates sudden load drops. Finally, 

in the geometries with upper-delamination the load peak was reached at lower displacement 

than the other two cases, due to the local buckling occurred early at smaller applied 

displacement, generating an opening mode I. The evolution of the buckling mode to mixed 

buckling changed the delamination mode to shear dominated mode II. The three geometries led 

to fiber–matrix failure after delamination propagation, see Fig. 7 (b). This behaviour was 

observed in similar studies [36,57]. 

During testing, the displacement field of the specimen on the speckled surface was registered. 

The two cameras used for the DIC and the stereo system allowed to obtain the displacement 

field in 3 directions, where directions 1 and 2 are in the fiber orientation plane and direction 3 

is perpendicular to the plane. An example of the damage evolution in direction 3 of one 

specimen with geometry C as observed through the 3D DIC methodology is presented in Fig. 8. 



      
(a) (b) 

Figure 7: (a) Matrix-Fiber failure for specimen A and (b) combined failure for specimen B (left) 

and specimen D (right). 

 

Figure 8: Example of damage evolution in direction 3 visualized with stereo images obtained 

from DIC 3D. 

It is important to highlight the fact that this methodology is capable of detecting the local 

buckling, as observed in the first two images, where displacement is negative (-0.1 mm). The 

change in direction due to the global buckling is easy to identify due to the sign change in the 

displacement value. The area where the breakage occurred could be enclosed. The central 

deflection of the ply until the collapse could also be determined, equal to 5.7 mm in this 

example. 

4. Numerical model implementation 



Finite elements models of each configuration were developed using Abaqus/Standard, aimed at 

simulating the quasi-static compression tests described previously. Each model reproduces the 

stacking sequence previously described including the initial delamination damage with the 

position and length corresponding to each geometry. The laminate is modelled using 3D solid 

elements C3D8R (8 node-linear brick, reduced integration and hourglass control) with a size of 

0.5 mm. One element per ply is defined through the thickness. The adopted boundary conditions 

are illustrated in Fig. 9. 

 

Figure 9: Schematic view of the numerical model implemented for a plate with delamination in 

the middle plane. 
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Table 2. Hashin failure criterion. 

The plies have been modeled assuming an elastic behavior until using the properties detailed in 

Table 1. The material model was defined through a USDFLD subroutine. The expressions used to 

define failure in the composite are presented in Table 2 corresponding to the Hashin model [28] 

and commonly applied in composite materials [3,10,34]. This model considers four different 

failure modes: fibre failure at tension and compression in direction 1 and matrix failure at 

tension and compression in direction 2. In the 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 trasverse direction and 

Sl and St are the shear strengths in the different planes (longitudinal and transverse). When the 

value of this expressions reaches 1, the material is completely damaged and strength is lost, thus 

some of the stress components are set to zero. The strain tensor is calculated after each time 



increment, and when one of the components reaches the critical value, the material properties 

of that element are degraded. 

Cohesive elements COH3D8 were used to simulate delamination progression. A thin layer of 

0.001 mm thickness of cohesive elements was inserted along the horizontal planes between 

every two plies. For each geometry tested, the cohesive zone was modified, removing the 

elements where the Teflon is located to simulate the initial delamination. 

The parameters required for cohesive elements are obtained from previous studies carried out 

by the research team, providing delamination energy level. Related literature has also been used 

to correctly estimate the value of the rest of the parameters [58]. These parameters are 

summarized in Table 3, where GIC is the delamination release energy in mode I obtained from 

standard DCB tests. The rest of the parameters have been estimated from the literature, where 

GIIC is the delamination release energy in mode II [54,60,61], K is the stiffness of the cohesive 

elements [58], σn is the maximum normal stress [58], σs and σt are the maximum stresses in the 

first and second directions [58] and η is the coefficient of viscous regulation. The criterion 

selected to calculate the damage initiation is the quadratic nominal stress (QUADS). 

GIC GIIC K σn σs σt η 

0.361 N/mm 1.083 N/mm 105 N/mm3 20 MPa 40 MPa 40 MPa 10-5 

Table 3. Cohesive elements parameters. 

5. Numerical model results and discussion 

The numerical results obtained from FEM models simulating buckling tests with and without 

delamination were compared with the experimental predictions of DIC technique. Specifically, 

both displacement fields in direction 1 and 3 have been compared for the four geometries. 

Results for configurations A and C are presented in Figs. 10 and 11. It can be observed that the 

distribution of the field is very similar for all cases and in both directions, which validates the 

numerical models developed and points out the effectiveness of DIC technique for surface 

displacement analysis. 

U1 = 0.3 mm Geometry A Geometry B Geometry C Geometry D 

Experimental (DIC) 2.34 mm 2.48 mm 2.65 mm 2.27 mm 

Numerical Model prediction 2.79 mm 2.80 mm 2.63 mm 2.33 mm 

Error 19.3% 13.1% 0.8% 2.8% 

U1 = 0.5 mm Geometry A Geometry B Geometry C Geometry D 

Experimental (DIC) 3.43 mm 3.61 mm 3.61 mm 3.39 mm 

Numerical Model prediction 3.60 mm 3.62 mm 3.51 mm 3.23 mm 

Error 4.9% 3.9% 2.8% 4.5% 

U1 = 0.7 mm Geometry A Geometry B Geometry C Geometry D 

Experimental (DIC) 4.25 mm 4.18 mm - - 

Numerical Model prediction 4.28 mm 4.32 mm - - 

Error 0.6% 3.3%   

Table 4. Comparation in direction 3 between experimental and predicted values for different 

values of U1. 

The model predicts the displacement value in direction 3 with an error of 5.3%, which is an 

acceptable value. Table 4 presents a comparison between experimental values measured with 

3D DIC and numerical model prediction of the maximum displacement in direction 3, out of the 

plane of the laminate. Differences are produced mainly by small misalignments of the specimens 



in the experimental setup. This is perceptible because curved contour plots are observed in the 

DIC images compared to the numerical models, which, being ideal, do not consider these 

possible misalignments. 

Plate without delamination Plate with delamination 

   
 

Figure 10:  Comparison of the displacements in direction 1 between Abaqus and DIC 3D for 

geometries A and C. 

Plate without delamination Plate with delamination 

   

Figure 11:  Comparison of the displacements in direction 3 between Abaqus and DIC 3D for 

geometries A and C. 

5.1 Specimens without delamination 

Once the models have been validated, the numerical results obtained and the type of failure 

that appears are analyzed for the different geometries. In Fig. 12, the numerical and 

experimental load are compared, including the mean and the standard deviation of the 

experimental tests until reaching the first ply failure. The numerical model presents good 

agreement with the experimental curve, the peak load is also estimated with good precision 

with an error of 7.0%. Global buckling mode is predicted, corresponding to this type of geometry, 

as mentioned in the experimental section. 



It was also observed that delamination initiated at the free edges of the material, producing the 

fiber breakage of the material in the center of the laminate. This phenomenon is observed in 

Fig. 13 where the interlaminar and intralaminar damages are presented and agree well with the 

experimental results shown in Fig. 7(a). 

 

 

Figure 12:  Comparison between experimental and numerical analysis for geometry A.  

 

 

 

 

(a) (b) 

Figure 13:  Delamination damage (a) and intralaminar damage (b) of the geometry A at FPF. 

5.2 Specimens with delamination in the middle plane 

The configuration B corresponds to a laminate that presents a delamination in the middle plane. 

In this case, the buckling evolution until first ply failure is similar to that observed in 

configuration A, as explained in experimental results section. Since the delamination is located 

in the middle plane, the influence is negligible at the beginning of the test, and the evolution of 

the curve is almost identical to the case without damage, reaching the same peak load with an 

error of 6.8% between experimental and numerical model. The model was able to reproduce 

the initiation of delamination near the grips as shown in Fig. 14. 



 
 

Figure 14:  Comparison between experimental and numerical analysis for geometry B.  

The cohesive ply showed that delamination propagated in one direction until reaching the 

boundary of the laminate, increasing the interlaminar damage. However, it was observed that 

the peak load is similar to configuration A. This is explained by the fact that the dominant mode 

is mode II and not mode I, which favors the spread of the delamination. This was observed with 

the digital image analysis, where the displacement in direction 3 was almost the same for both 

geometries. On the other hand, matrix damage propagates in perpendicular direction to the 

delamination direction, reducing the specimen load capacity in a drastic way (see Fig. 15). 

 

 

(a) (b) 

Figure 15:  Delamination damage (a) and intralaminar damage (b) of the geometry B at FPF. 

5.3 Specimens with delamination in the upper layer 

In the 3rd and 4th batch of specimens, the delamination is located on the external face of the 

material. This greatly influences the behavior, commented in the experimental analysis. 

It is observed that the trends and first ply failure are much more evident in these geometries. 

The model prediction is quite accurate, and the breaking loads of these plies have been 

estimated with errors of 11% and 0.5% for the C and D geometries respectively. 

In both cases the buckling begins by means of a local buckling, continuing its evolution in a 

mixed-buckling mode. The external ply that suffers delamination was the first to break due to 

its curvature involving maximum stresses as seen in Fig. 16. It was also observed that although 

the maximum load reached for all the geometries is similar, the existence of a delamination near 

the upper face produces a decrease in the buckling resistance of the material of 38.2% in both 



cases with respect to geometry A (free-damage geometry). In the case corresponding with the 

delamination in the middle plane, this decrease is about of 28.6%. 

Geometry C 

 

 
Geometry D 

 

 

Figure 16:  Comparison between experimental and numerical analysis for geometries C and D. 

Analyzing the intralaminar and interlaminar damage, it was observed how the delamination 

propagates in both directions, increasing the damaged area. Due to the mixed buckling mode, 

the crack opening mode is Mode I, which is the most unfavorable and therefore the most 

unstable for thin-walled structures. For both geometries the intralaminar failure is mainly matrix 

failure, as seen in Fig. 17. 

 

 

 

 

 



Geometry C 

 

 
(a) (b) 

 
Geometry D 

  
(a) (b) 

Figure 17:  Delamination damage (a) and intralaminar damage (b) of geometries C and D at 

FPF. 

6. Conclusions 

This paper presents a numerical and experimental analysis of the influence of delamination on 

CFRP laminates under compressive load. Four batches of specimens have been manufactured, 

one without defects and the other three with initial delamination with different length and 

location. For each of these batches, a numerical model has been developed including a 

subroutine based on the Hashin criterion to simulate intralaminar damage as well as cohesive 

elements to simulate interlaminar damage. For the validation of the models, the 3D DIC 

technique has been applied during experimental tests and the displacement fieldshave been 

compared, obtaining an average error less than 5.3%. 

It has been observed that for the cases where the initial delamination was not at the central 

plies, a local buckling mode appeared. This causes a stiffer response of the laminate initially, but 

also causes the failure to appear earlier than in the other cases. Furthermore, a clear relationship 

between interlaminar and intralaminar failure has been shown. In all cases, interlaminar 

delamination damage has appeared, followed by a failure of the matrix of the adjacent plies. 

This matrix damage is followed by a rapid fiber failure leading to overall specimen failure. 
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