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Abstract 

Complex composite parts, and especially curved laminated composites, are more subject to defects than 

flat laminates. One of the most common defects is the presence of wrinkles, which can occur in the radius 

of curvature. Wrinkle effects must be studied to evaluate their influence on the mechanical properties of 

laminated composites. In this study, a numerical model was developed to take wrinkle and local 

delamination defects into consideration and assess their impact on the failure load of L-angle specimens 

under four-point bending tests. Experimental wrinkles based on a previous work were modelled using the 

Discrete Ply Model strategy and four-point bending simulations were run. The numerical model allowed 

the effects of each defect (local delamination and wrinkle) to be distinguished and their combined influence 

on the failure load to be studied with respect to the maximum misalignment.  

 

Keywords: wrinkle defects, initial delamination defects, numerical model, composite L-angle, unfolding 
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1. Introduction  

By their construction, laminated composite materials have interesting stiffness and in plane strength-to-

weight ratio, and can be used in many different design architectures [1]. However, with classical sandwich 

or laminate architectures, there are no reinforcements normal to the direction of the fibres. Therefore, loads 

through the thickness are a major weakness of laminated composite structures and delamination is a 

commonly observed type of failure. Delamination can be caused by high out-of-plane tensile stresses or 

interlaminar stresses developing at discontinuities and free edges [2,3]. Due to their geometry and, in 

particular, the radius of curvature, curved laminated composite structures are more subject to unfolding and 

consequently to through-the-thickness loading [4].  

 Unfolding failure due to delamination is commonly identified in highly curved laminated 

composites [5,6]. Many researchers have studied the mechanisms leading to the failure of specimens under 

out-of-plane loads. Olsson [7] provides an overview of the different test methods for multiaxial and out-of-

plane strength of laminated composite specimens. Four-point bending tests present some advantages 

compared with other tests: the self-alignment of the specimen makes setup relatively simple and stress 

induced by the roller bearings is negligible [8]. Delamination failure of a unidirectional curved specimen 

in a four-point bending test is driven by interlaminar tensile strength. Jackson and Martin [9] demonstrated 

that interlaminar tensile strength was highly dependent on the laminate quality and on the presence of voids. 

Wisnom [10] evaluated the distribution of interlaminar tensile stress through the width of curved specimens 

and highlighted free edge effects. This result corroborates the works of Fletcher et al. [11,12]. Sun and 

Kelly [13,14] were among the first to study damage modes in cross-ply curved specimens in four-point 

bending tests. They demonstrated that the presence of 90° plies might modify the unfolding failure of the 

specimen, which can result from interactions between matrix cracking and delamination depending on the 

stacking sequence. More recently, Huchette et al. [15] and González-Cantero et al. [16] demonstrated that 

delaminations were due to interlaminar matrix cracking occurring first. Some authors [17,18] demonstrated 

that the interlaminar tensile strength was thickness dependent. Charrier et al. [18] studied four stacking 

sequences of L-angle specimens in particular with three different thicknesses under four-point bending 

loads and they concluded that interlaminar tensile strength decreased with increasing specimen thickness.   

 Some authors have used finite element methods to better understand the unfolding failure of curved 

laminated composites. Like Nguyen et al. [19], who used cohesive zones to model and evaluate the 

delamination of multi-angle curved specimens under four-point bending tests, most of them considered 

delamination. More recently, some works [20–23] have taken both interlaminar and intralaminar damage 



into consideration for the failure of curved specimens and studied their interaction. They have shown that 

matrix cracking could effectively drive delamination and lead to the failure of the specimen in the case of 

multi-angle stacking sequences but, in the case of unidirectional layup, the unfolding failure was mainly 

due to interlaminar failure. In conclusion, the percentage and position of 90° plies have significant influence 

on the out-of-plane tensile strength of curved specimens under four-point bending tests. 

 Due to their complex geometry, curved laminated specimens are subject to many defects [24], the 

most common of which is out-of-plane wrinkling.  Wrinkles have significant effects on mechanical 

properties. Most studies in the literature focus on out-of-plane wrinkle effects in the cases of in-plane tensile 

[25] and compressive strength [26–28]. To the best of the authors’ knowledge, only two recent papers deal 

with the influence of winkles on the through-the-thickness tensile strength [29,30]. Xu et al. [30] conducted 

an experimental and numerical study of wrinkle effects on the out-of-plane tensile strength of an L-angle 

specimen under four-point bending. They focused on two layups, one of which, with a wrinkle angle of 18° 

calculated from the wavelength and the amplitude, led to a reduction of through-the-thickness tensile 

strength of 16%. They used the same method as Mukhopadhyay et al. [25,26] to introduce wrinkles. This 

consists of putting additional 90° strips of prepregs into the stacking sequence to force adjacent plies to 

wrinkle. Hu et al. [29] also conducted an experimental and numerical study of wrinkle effects on the failure 

load of curved specimens under bending tests. They produced wrinkled specimens without additional pieces 

of prepreg. Their method was first to make a pre-stacking layup on a flat tool before introducing it into the 

mould. They concluded that the amplitudes and locations of wrinkles had significant influence on 

mechanical response, leading to a reduction of 30-40% of the failure load. That was in agreement with the 

experimental results presented in a preceding work of the authors [31] on the effect of wrinkle defects on 

the out-of-plane strength of curved specimens under four-point bending tests. 

 The experimental basis of this study comes from the previous work of the authors [31] on 

experimental four point-bending tests on wrinkled specimens. Unfortunately, the experimental results did 

not distinguish between the influence of initial delamination and wrinkle defects. Therefore, it is important 

to develop a numerical model to understand the influence of each defect on the failure scenario of specimens 

with defects. This will make it possible to estimate the ultimate load of curved specimens numerically, with 

the aim of estimating the knockdown factor depending on the maximum misalignment. A first numerical 

model [22] based on a modelling strategy called DPM has already been used to simulate four-point bending 

tests on a curved specimen without defects. This numerical model was implemented within the Finite 

Element (FE) code Abaqus/Explicit [32]. This model gave good agreement between experimental and 

numerical simulations, especially for the Load – Machine Displacement curves and damage scenario. The 

numerical model was able to capture the maximal load, load drops and the different reaction loads for the 



stacking sequences studied. For this reason, it will be adapted in this study to model wrinkles in curved 

specimens under four-point-bending tests. 

 Experimental wrinkles, presented in a previous study [31] are briefly recalled in Section 2. The tests 

and materials are recalled in section 3.1. The discrete ply model is briefly recalled in Section 3.2 and its 

adaptation for modelling wrinkles is introduced in Section 3.3. Section 4 focuses on three numerical 

simulations of specimens with different defects. The specimens studied in Section 4.1 present the specimen 

considered without wrinkles but which has local delamination defects. The case of Section 4.2 is a specimen 

with an intermediate level of wrinkles and without local delamination defects. Section 4.3 focuses on a 

specimen with a high level of wrinkles and with initial delamination defects. Section 4.4 deals with the 

numerical study of the variation of failure load in relation with the misalignment angle in two cases: with 

and without initial delamination defects. To finish, Section 4.5 presents a comparison between experimental 

and numerical failure loads for a large number of different misalignment angles. Finally, in Section 5, 

conclusions are drawn based on the above. 

 

2. Experimental specimens studied 

 

 In this part, we briefly recall the manufactured specimens presented in [31] and present the geometry 

of the wrinkles modelled for this study. The manufacturing of these specimens was detailed in a previous 

study [31] and interested readers are invited to refer to this article for more information.  

 A total of 42 specimens, divided into 7 batches, were made by using two strategies of hand layup 

for the composite. The samples presented different levels of wrinkles, which were characterised by the 

maximum misalignment angle compared to the reference surface, with a range from 1.5±2° to 83±2°. 

Images of specimens modelled in the study are presented in Fig.  1. 

 Previous work had highlighted the influence of wrinkles on the out-of-plane tensile strength of 

curved specimens under four-point bending tests. The length of initial delamination defects were studied 

but no relation could be established between this length and the failure load, probably because of a lack of 

information. 
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Fig.  1: Images of modelled specimens  

 

3. Numerical modelling 

 

 In this section, the “Discrete Ply Model” (DPM) [22,33–35] is briefly recalled. The main advantages 

of this model are that it uses a continuum damage of fibre breaks and a discrete modelling of the 

delamination and matrix cracking. This model has been presented in more detail in previous papers [36,37]. 

Interested readers are invited to refer to them for further presentation. Materials and boundary conditions, 

involved in the modelling of various types of damage, and also the mesh strategy are then detailed 

respectively in sections 3.1, 3.2, and 3.3. 

 

3.1.Materials and boundary conditions 

 

 The four-point bending test, schematised in Fig.  2, was used to study the unfolding failure of L-

angle specimens. This test consists of inducing a bending moment by the displacement of the two upper 



cylindrical rolling bars, while the two lower ones stay fixed. This loading tends to flatten the part and 

generate out-of-plane tensile stresses in the curvature. The geometry of the specimens was designed by 

Charrier et al. [18] to examine failure delamination by the minimisation of the out-of-plane shear stress and 

the maximisation of the out-of-plane tensile stress in the curvature of the sample. Interested readers may 

refer to [18] for more information about specimen design and characteristic parameters of the experimental 

devices of the four-point bending tests. The dimensions of the specimens are reported in Table 1. 
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Fig.  2: Configuration of the four-point bending test on L-angle specimen 

 

Table 1: Experimental setup characteristics, parameters, and L-angle specimen dimensions 

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 

 

 Four-point bending tests were conducted on L-angle specimens made of T700GC/M21 

carbon/epoxy laminated composite. A single stacking sequence was used in this study [452/-452/902/02]s 

with a nominal ply thickness of 0.257 mm, leading to a theoretical global thickness of 4.125 mm. The 

longitudinal direction of the fibres is considered to be the along-the-length direction of the specimen (Fig.  

2). 

 

 Boundary conditions were applied to loading and support bars. For the support bars, translations 

and rotation were permitted only along the axis of the cylinder. For the loading bars, displacements were 

imposed and rotation along the axis of the cylinder was allowed.  

 



 

 

3.2. Modelling of various types of damage 

Meshing Strategy: 

 A complex 3D mesh following the orientation of each ply was used on the DPM to simulate the 

different failure modes (Fig.  3.). Volume elements used for the fibre failure were C3D8 and C3D6 for all 

orientations [38]. Interface elements used for delamination and matrix cracking were classical cohesive 

zone model COH3D8 and COH3D6 elements. Interface elements used for matrix cracking were localised 

between two volume elements in the direction of the ply and interface elements used for delaminations  

were localised at the interface of two adjacent plies. 

 

[90°]2 ply 

[0°]2 ply 

transverse 

longitudinal 

out-of-plane 

transverse longitudinal 

out-of-

plane 

 

Fibre failure 

(volume elements) 

Delamination 

(interface elements) 

Matrix cracking 

(interface elements) 

  

Fig.  3: Modelling of various damage with the DPM 

 Damage laws: 

• A bilinear material law (Eq.1) considering the crack surface energy was used to calculate the 

continuum damage of the fibre at integration points of the volume element (illustrated in grey on 

Fig.  3). 

∫ (∫ 𝜎𝑙𝑑𝜀𝑙
𝜀1

0
) ∙ 𝑑𝑉 = 𝑆 ∙ 𝐺𝐼𝑐

𝑓,𝑇

𝑉
                          (Eq. 1) 

where 𝐺𝐼𝑐
𝑓,𝑇

 and 𝐺𝐼𝑐
𝑓,𝐶

 are the critical energy release rate in opening mode in the fibre direction for 

the tensile case and for the compressive case respectively, 𝜎𝑙 and 𝜀𝑙 are the longitudinal stress and 

strain, 𝜀1 is the strain at total degradation of fibre stiffness, and V and S are the element volume and 

section. A damage variable, noted d, was used to take account of a linear decrease of the stress in 

tensile and compression fibre failure when the strain limits, 𝜀𝑡
0 and 𝜀𝑐

0 , were achieved.  



• Interface elements were used between two consecutive plies (illustrated in orange in Fig.  3) to take 

account of delamination, which is directed by the dissipation energy of fracture mechanisms. The 

three modes of delamination are taken into account in the criterion (Eq. 2): the opening mode I, and 

shear modes II and III, which are not distinguished here. A linear law of mixed-mode delamination 

propagation with energy release in each mode was used in the present work. 

𝐺𝐼

𝐺𝐼𝑐
𝑑𝑒𝑙 +

𝐺𝐼𝐼

𝐺𝐼𝐼𝑐
𝑑𝑒𝑙 +

𝐺𝐼𝐼𝐼

𝐺𝐼𝐼𝐼𝑐
𝑑𝑒𝑙 = 1                                                                                                                (Eq. 2) 

• Interface elements (illustrated in red in Fig.  3) between two adjacent volume elements are used to 

take matrix cracking into consideration. A Hashin’s failure criterion (Eq. 3) was used to manage the 

damage of matrix cracking within the interface element. 

(
𝜎𝑡

+

𝜎𝑡
𝑓)

2

+
𝜏𝑙𝑡

2 +𝜏𝑡𝑧
2

(𝜏𝑙𝑡
𝑓

)
2  ≤ 1                         (Eq. 3) 

where 𝜎𝑡
𝑓
 and 𝜏𝑙𝑡

𝑓
 are the transverse and shear failure stresses and (l, t, z) are respectively the 

longitudinal, transverse and out-of-plane directions. 

In fine, this modelling strategy requires only 15 material parameters, which are listed in Table 2. 

Table 2: Material properties used in the DPM Modelling 

Density  1 600 Kg/m3 

Orthotropic elastic properties 

𝐸𝑙
𝑡  Tensile Young’s modulus in fibre direction 130 000 MPa 

𝐸𝑙
𝑐  Compressive Young’s modulus in fibre direction 100 000 MPa 

𝐸𝑡 Transverse Young’s Modulus 7 700 MPa 

𝐺𝑙𝑡 =  𝐺𝑙𝑧 In-plane shear modulus 4 750 MPa 

𝐺𝑡𝑧 Out-of-plane shear modulus 2 900 MPa 

𝜈𝑙𝑡 Poisson’s ratio 0.3 MPa 

Fibre failure 

𝜎𝑐𝑟𝑢𝑠ℎ Mean longitudinal compressive crushing stress 250 MPa 

𝜀𝑡
0  Tensile strain in fibre direction at damage initiation  0.016 MPa 

𝜀𝑐
0  Compressive strain in fibre direction at damage initiation -0.0125 MPa 

𝐺𝐼𝑐
𝑓,𝑇 

 Critical energy release rate in mode I for tensile case 100 N/mm 

𝐺𝐼𝑐
𝑓,𝐶 

 Critical energy release rate in mode I for compressive case  40 N/mm 

Delamination 

𝐺𝐼𝑐
𝑑𝑒𝑙  Critical energy release rate in opening mode I   0.5 N/mm 

𝐺𝐼𝐼𝑐
𝑑𝑒𝑙  Critical energy release rate in shear mode II 1.6 N/mm 



Matrix cracking 

𝜎𝑡
𝑓 

 Transverse tensile strength   50 MPa 

𝜏𝑙𝑡
𝑓 

 In-plane shear strength  90 MPa 

 

3.3. Modelling of specimens and consideration of the wrinkles  

 

 The entire specimen was meshed with elements of the same size, generated by an external script. In 

a first step, a plate was generated and then the positions of the nodes were projected at 45° for the 

constitutive elements of the arms and on a quarter cylinder for the elements forming the radius of curvature 

(Fig.  2). 

 The wrinkles were taken into account by a point statement, which was used to recalculate the 

position of the nodes corresponding to experimental interfaces previously measured on an image of the 

specimen side face obtained an during experiment. The new node coordinates ensured that all elements 

were orientated along the axis and passed through the theoretical origin of the radius of curvature. 

 The modelling of wrinkles may lead to important modifications of the initial elements modelled and 

the variation of stiffness needs to be considered. On the example of Fig.  4, the modelling of the ply 

wrinkling has significant influence on the section of the volume element highlighted in red (Fig.  4.b) 

compared to the same element of the pristine specimen (Fig.  4.a). The section variation leads to a stiffness 

variation corresponding to a variation of fibre volume ratio. A coefficient, called CoefS, was calculated to 

correspond to the ratio between the initial section and the deformed section (Eq. 4).  
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Fig.  4: (a) 2D view of the mesh of a pristine specimen, indicating an initial volume element, (b) 2D view of the mesh of a specimen taking 

ply wrinkling into consideration, which points out a deformed volume element 

                                                                         𝐶𝑜𝑒𝑓𝑆 =  
𝑆𝑑

𝑆
                                     (Eq. 4) 

where S represents the initial section corresponding to the theoretical thickness of the ply and Sd corresponds 

to the deformed section, which is calculated as the average of the four distances noted h1, h2, h3 and h4 

multiplied by the width of the element (perpendicular to the direction of the fibres, which remains constant 

for all elements) (Fig.  4): 𝑆 = 𝑊ℎ and 𝑆𝑑 = 𝑊
ℎ1+ℎ2+ℎ3+ℎ4

4
. The sections to be considered depend on the 

fibre directions (0°, 90° and ±45°) and are summarized in Fig.  5. 
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Fig.  5: Representation of sections calculated for each fibre orientation 



 The construction of the DPM imposed a parallelogram shape for the ± 45° elements (Fig.  5) to 

respect the coincidence between the nodes of two stacked plies, as illustrated in Fig.  6 [34–37,39]. The 

coincidence of four nodes was necessary to allow the coupling between delaminations and matrix cracking. 

Pairs of nodes (a,b) and (c,d) were used to take the matrix cracking of their own ply into account. The 

delamination was taken into account by the nodes (a,b) of the upper ply and the nodes (c,d) of the lower 

ply (Fig.  6).   

 

Fig.  6: Coincidence between nodes of two stacked plies [37] 

 

 The ratio between the initial and the deformed section was computed for each volume element and 

the longitudinal modulus (for tensile and compressive cases) was divided by this coefficient in such a way 

as to respect Eq. 5. Thus, when the section increased, the longitudinal modulus decreased and when the 

section decreased, the longitudinal modulus increased. Similarly, the critical energy release rate (for tensile 

and compressive cases) was divided by the same coefficient to dissipate the right amount of energy and to 

respect Eq. 6. 

       𝐸𝑙𝑆 = 𝐸𝑑𝑆𝑑,   𝑤𝑖𝑡ℎ    𝐸𝑑 =
𝐸𝑙

𝐶𝑜𝑒𝑓𝑆
          (Eq. 5) 

                                                 𝐺𝐼𝐶
𝑓 . 𝑆 = 𝐺𝐼𝐶

𝑓,𝑑. 𝑆𝑑,   𝑤𝑖𝑡ℎ   𝐺𝐼𝐶
𝑓,𝑑 =  

𝐺𝐼𝐶
𝑓

𝐶𝑜𝑒𝑓𝑆
        (Eq.6) 

where El is the longitudinal modulus and 𝐺𝐼𝐶
𝑓

 is the critical energy release rate in mode I for tensile or 

compressive cases (Table 2). 

 



 A local coordinate system was calculated and assigned to each element volume to obtain a fibre axis 

that corresponded to a deformed element as illustrated in Fig.  4. The global coordinate system of the 

specimen is represented in Fig.  2. The longitudinal vector as calculated by the average between coordinates 

of nodes (1;2) and (3;4) of the lower surfaces of the elements and coordinates of nodes (5;6) and (7;8) 

belonging to the upper face (Fig.  4). The out-of-plane vector was calculated by the average of the scalar 

product between coordinates of nodes (1;3) and (2;4) for the lower surface and coordinates of nodes (5;7) 

and (6;8) for the upper one (Fig.  4). The transversal vector was calculated by the cross product of the 

longitudinal and out-of-plane vectors. Then, the orientation of fibres was checked to match the theory. If 

the geometrical fibre orientation imposed by the position of the nodes differed by more than 0.1°, the fibre 

orientation was recalculated and reallocated to the volume element. This particularly applied for the ± 45° 

elements in the curvature part because the mesh was projected on to the curved part by using a mean radius 

of curvature. In the example of Fig.  7, the coordinate statement of the deformed element (in red on Fig.  7) 

was turned by α° to correspond to the theoretical orientation of 45° of the pristine element (in blue) in the 

(x,y) plane. Therefore, each volume element had its own coordinate system with a mean longitudinal vector. 

When wrinkles were taken into consideration by the mesh, the coordinate systems of volume elements 

matched, with their mean orientation and the fibre orientation reflecting reality. 
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Fig.  7: (a) 3D view of the curved specimen. (b) Case of 45° orientation with, in blue, the non-deformed element and, in red, the element 

deformed due to the 3D shape of the specimen 

 

4. Numerical modelling of defects on L-angle specimens under four-point bending 

tests 

 

 This part focuses on comparing experimental and numerical simulations of four-point bending tests 

on L-angle specimens with presence of defects. Two types of defects pointed out in a previous study [31] 

are modelled and studied here: pre-delamination and wrinkle defects. First, the EM-1_1.5° specimen with 



the lower level of wrinkles is considered as a reference here and is modelled and simulated without wrinkles 

but with presence of pre-delamination defects. In a second part, an EP-1/8_26° specimen with a medium 

level of wrinkles is modelled and simulated. Then, EP-1/2_66° with wrinkles and pre-delamination defects 

is modelled and simulated to study the influence of each defect on the failure of the specimen. A comparison 

is made between experimental and numerical failure load for different initial delamination lengths and 

misalignment angles. To finish, a numerical discussion of the variation of the failure load in relation with 

the misalignment angle (with and without initial delamination defect) is proposed. 

 

4.1. Without wrinkles and with pre-delamination defect: EM-1_1.5°    

 

 The maximum misalignment angle (noted θmax) relative to the reference surface (Fig.  8), 

corresponding to the external one in the case of the EM-1_1.5° specimen, was measured equal to 1.5±2°, 

which is very low and can be neglected. Therefore, the sample was taken as the reference here and no 

wrinkles were modelled in this case. The misalignment was measured from experimental data and 

corresponded to the difference between the maximum misalignment of wrinkle α1 and the angle of the 

reference surface α2. The maximum misalignment angle θmax was measured with a precision of ±2°. Each 

side face of the specimen is presented in Fig.  9; one of them shows an initial delamination between two 0° 

plies but nothing was visible on the other side. This defect measured 2 mm in length. 
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Fig.  8: Measurement of the maximum misalignment angle 

 

 The experimental test was instrumented by Digital Image Correlation on one side of the specimen 

and infrared thermography on the other side. The Load – Machine Displacement curves showed a first load 

drop at 380 N and 5 mm of machine displacement (Fig.  11). This was driven by the interlaminar fracture 



between the [902/02] layers on the lower part of the specimen and by delamination between 0° plies at the 

middle of the thickness of the specimen. A second load drop occurred at 370 N and 7.2 mm of displacement 

and was caused by the propagation of delamination previously initiated at the same interface. Then, a last 

significant load drop appeared, due to delamination between [90/-45] plies, between [0/90] plies and by 

matrix cracking of the 90° ply in the upper part of the specimen. Interested readers are invited to refer to 

[31] for more details on the experimental failure of this specimen. 
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Fig.  9: EM-1_1.5±2° specimen side faces 

  

 

 The proposed numerical model has one volume element in the thickness for two plies of the same 

orientation, except for the 0° plies around the central one, which have a mesh with a single element in the 

thickness for the ply (Fig.  10). Thus, interface elements are present at the interface corresponding to the 

initial delamination highlighted in Fig.  9. Due to the semi-continuous construction of the DPM, it was 

possible to define a different value of the initial damage internal variable of the interlaminar elements 

corresponding to the pre-delaminated length observed experimentally. Pre-delaminated length was assumed 

constant through the width of the specimen. Simulations were run without any damage (to consider the 

pristine case) and with three different pre-delaminated lengths, noted Ld, (4 mm, 2 mm and 1 mm) to study 

their influence on the load-machine displacement curves and on the out-of-plane strength. 
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Fig.  10: Three different levels of pre-delaminated lengths 

 

 The experimental envelope curve (formed by the maximum and the minimum values of the six 

experimental Loads and Machine displacements) is presented in light blue on Fig.  11. The other four curves 

correspond to load-machine displacement curves produced by the DPM. The dark one corresponds to a 

pristine specimen without pre-damage of any interlaminar elements. The blue ones correspond to the EM-

1_1.5° specimen with the three different levels of pre-delaminated lengths. It is clear that pre-damage of 

some interlaminar elements had a significant effect on the failure load. The pristine sample failed at a load 

of 650 N whereas the specimen with a pre-delaminated length of 1 mm had a failure load of approximately 

460 N, which represents a difference of 190 N for a pre-delaminated area of 20 mm2. The simulation with 

a pre-delaminated length of 2 mm gave a failure load of 350 N and, for the specimen with a pre-delaminated 

length of 4 mm, the failure load was 290 N. Compared to the mean experimental failure load (400 N) the 

value of the failure load provided by the simulation with a pre-delaminated length of 2 mm, which was 

experimentally measured on one of the side faces of the specimen, was the closest. Moreover, the value of 

the failure load corresponding to this specimen was 380 N, which is clearly consistent with the simulation. 

It is noteworthy that the stiffness of the numerical load-machine displacement curves matched the 

experimental one. The model showed a reacting load without a second load drop as experimentally observed 

due to the propagation of damage through the thickness of the specimen. 

 



 

Ld 

Ld 

Ld 

 

Fig.  11: Load-Machine displacement curves of the EM-1_1.5° specimens 

 

  On the numerical curves, the load drops were due to delamination [90/0] in the lower part of the 

specimen and the propagation of the pre-damaged to the interlaminar elements. That was in agreement with 

the experimental damage (Fig.  12), which caused the main load drop in the experimental load-machine 

displacement curves. Delaminations were driven by the out-of-plane tensile stress concentrations (Fig.  13). 

It should be noted that the numerical results presented on Fig.  13 and Fig.  14 are for the case of the specimen 

with a pre-delamination of interface elements over a length of 2 mm, which was the most realistic case 

relative to the experimental investigations. The interlaminar elements of the interface [0/0] were the first to 

be damaged, followed by the elements composing the interface [90/0] in the lower part of the specimen 

(Fig.  14). Of course, the energy released by the interfaces [0/0] and [90/0] was mainly dissipated in mode 

I. In the case of the pristine sample, the [90/0] interface was the first to initiate delamination, followed by 

the interface [0/0] in the lower part of the specimen and, finally, the [0/0] interface broke in the upper part 

of the specimen (Fig.  15). This leads us to conclude on the importance of considering the pre-delaminated 

defect, which drives the initiation of delamination and therefore the failure of the specimen.  
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Fig.  12: Comparison between experiment and numerical failure side face 
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Fig.  13: Stress distribution through the section view A-A (defined on Fig.  12) of the specimen EM-1_1.5° with a pre-delaminated length of 2 

mm 
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Fig.  14: Energy dissipated by interface elements – EM-1_1.5° specimen with a pre-delaminated length of 2 mm 
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Fig.  15: Energy dissipated by interface elements - pristine specimen 

 

4.2. Intermediate level of wrinkles without pre-delamination defect: EP-1/8_26° 

 

 The EP-1/8 batch of specimens were made in a concave mould and the two central plies at 0° were 

previously laid up by hand on a flat surface before being introduced into the mould. In this way, the mean 

value of maximum misalignment angle measurements was 26.4° with respect to the reference surface, 

which corresponds to the surface in contact with the mould, the external one here (Fig.  17). In contrast to 



the previous case, no initial delamination can be noted on these two side faces (Fig.  16). Nevertheless, it is 

worth noting that [452/-452/902/02] plies, in the lower part of the specimen, were affected by wrinkles. 

 An image of the specimen was used to make a point statement of each interface between plies with 

different orientations. Then, it was used to modify the initial mesh of the specimen and take the wrinkling 

of some plies into consideration. The model produced by means of the point statement is represented in Fig.  

17 and interfaces between plies are plotted in white on the experimental images, which were used for the 

measurements. This method allows perfectly realistic modelling of the wrinkles. Concerning the specimen 

studied in this part, the maximum misalignment angle measured relative to the reference surface was 26° 

and it is localised by a black circle in Fig.  17. 
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Fig.  16: EP-1/8_26° specimen side faces 
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Fig.  17: Comparison between experiment side face and meshed specimen EP-1/8_26° 

 

 The experimental envelope of the load-machine displacement curve corresponding to the four-point 

bending tests conducted on the six specimens of the batch EP-1/8 is plotted on the graph of Fig.  18. The 

results show low variability regarding the stiffness and the failure load.  

The damage scenario is characterised by a first main load drop followed by a succession of smaller load 

drops due to the propagation of damage through the thickness of the specimen. Interested readers can refer 

to [31] for more information concerning the damage scenario of this specimen. The load-machine 

displacement curve corresponding to the simulation of the pristine specimen is plotted in dark blue. The 

light blue curve corresponds to the numerical model of the EP-1/8_26° specimen, which takes wrinkles into 

consideration as represented on Fig.  17. 

 The simulation of the EP-1/8_26° specimen presented a failure load at approximately 400 N, which 

is 34% higher than the experimental mean failure load. The first load drop was driven by the delamination 

of the interfaces: [0/0], [90/0] and [-45/90] in the lower part of the specimen (Fig.  19) and matrix cracking 

of the 90° ply. This was due to out-of-plane tensile stress concentration around these plies in the middle of 

the specimen (Fig.  20). The stress concentration was maximal at the interface [-45/90] exactly as shown by 

the DIC on the experimental test of this specimen [31]. These damage occurrences were in agreement with 

the experimental ones reported on Fig.  19. The second load drop appeared at 290 N and 7.5 mm of machine 

displacement. It was due to the propagation of damage into the upper part of the specimen and, more 

particularly, to the delamination of the [90/-45] and [0/90] interfaces (Fig.  20). Matrix cracking was also 

present into the -45° and 90° plies, consistently with the experimental damage composed of matrix cracking 

in the 90° ply and delamination of the [90/-45] and [0/90] interfaces (Fig.  19). 

 Simulation considered only the wrinkling of the plies, which produced a failure load higher than 

expected, seeing the experimental results. Section 4.1 showed that initial delamination defects have a huge 



impact on the simulation in light of the pre-damaged area. In this case, no initial delaminations were visible 

on the specimen but internal initial delamination defects, porosity or other types of defects may have been 

present.  

  

 

 

Fig.  18: Load-Machine displacement curves of the EP-1/8_26° specimen 
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Fig.  19: Comparison between experiment and numerical failure, side face 
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Fig.  20: Stress through the section view A-A (defined in Fig.  17Fig.  10) of the specimen EP-1/8_26° 

 

4.3.  High level of winkles and pre-delamination defects: EP-1/2_66°  

 

 We recall that this specimen was laid up by hand, using two strategies. First of all, the [-452/452] 

plies were directly dropped into the concave mould. Secondly, the [902/02/02/902] plies were stacked on a 

flat surface before being introduced into the concave mould. To conclude, the last [-452/452] plies were 

dropped directly into the mould like the first ones. To avoid porosities, pressure was applied with a vacuum 

bag for fifteen minutes every two plies to ensure good compaction.  

  

 Fig.  21 shows the two side faces of the EP-1/2_66° specimen. Porosities located at the interface 

between two plies caused problems of pre-delamination. These two side faces were very similar in terms 

of wrinkles but the porosity positions varied slightly. The first picture was chosen to make the point 

statement used to mesh the part. Fig.  23 presents a comparison between the experiment side and the 

numerical one. Numerical interlaminar interfaces are plotted in white on the experimental side face to 

enable the reader to compare them. The location of the maximum misalignment angle, 66° here, was pointed 

on the numerical side face. This angle was relative to the reference surface, which corresponds to the surface 



in contact with the mould. In this case, the reference surface was deformed with respect to the mould 

geometry. The presence of several wrinkles probably induced additional thermal stresses, which led to a 

deformed composite laminate after cooling.  
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Fig.  21: EP-1/2_66° specimen side faces 

  

 The experimental breaking of the EP-1/2_66° specimen was abrupt, with major damage located in 

the lower region of the part. It was composed of delamination between [90/0] and [-45/90] plies and matrix 

cracking of the 90° ply. Moreover, delamination between [45/-45] plies in the lower part of the specimen, 

between [0/90] plies in the upper part of the specimen, and matrix cracking of the 90° ply, were also present. 

Digital Image Correlation (DIC) confirms that wrinkles induced out-of-plane tensile strain concentration 

(Fig.  22). An infrared thermography camera showed that the main damage was located around [-45/90/0] 

plies in the lower part of the specimen (Fig.  22). 
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Fig.  22: Damage scenario of the EP-1/2_66° 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.  

 

 Given the results presented in Section 4.1, it was decided to take initial delamination problems into 

consideration. Interlaminar interface elements, corresponding to the pre-delaminated area highlighted in 

red in Fig.  23, were pre-damaged using the damage variable with an initial value of 1 on a total length of 

Ld = 3.8 mm. The pre-damaged area was assumed to be constant through the width of the specimen as well 

as the wrinkles.  
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Fig.  23: Comparison between experimental side face and meshed specimen  

 

   

 



 

 The experimental Load-Machine displacement envelope curve corresponding to the four-point 

bending tests conducted on six specimens of the batch is plotted in light blue on Fig.  24. The stiffness of 

this batch of specimens presents lower variability than the previous batch (EM-1). The numerical simulation 

of a four-point bending test on a pristine specimen (without wrinkles or initial delamination) is plotted in 

black. A first simulation with the mesh taking wrinkles into consideration was run and the curve is plotted 

in dark blue on the graph. The failure load was very similar to that of the simulation on the pristine 

specimen. Nevertheless, for machine displacement higher than 2 mm, the wrinkles have a slight effect on 

the stiffness of the specimen (Fig.  24). The last curve, in light blue, corresponds to the model taking wrinkles 

into consideration and with the pre-delamination of some interlaminar interface elements (in red on Fig.  

23). The failure load was 33% lower than the simulation considering only the wrinkle and the stiffness was 

exactly the same.  

 The numerical failure load was 15% higher than the mean experimental failure load. The curve 

presents a main load drop at 422 N and 5.4 mm of machine displacement, which corresponds to 

delamination of the [90/0] interface (Fig.  26) due to an out-of-plane tensile stress concentration around the 

90° ply in the lower part of the specimen, as visible on the section view A-A of Fig.  25. The matrix cracking 

of the 90° ply within the lower part of the specimen was also damage. Moreover, pre-damaged interlaminar 

interface elements constitutive of the [0/0] interface spread through the interface. Then the [90/-45] 

interface was damaged in the upper part of the specimen, located just above the pre-damaged elements of 

the [0/0]. This was perfectly in agreement with the experimental observations (Fig.  22).  

 A second load drop was visible around 7 mm on the load-machine displacement curve. This was 

due to propagation of initial delaminations and to the delamination of the [90/-45] interface plies in the 

upper part of the specimen. This delamination continues to propagate until 8.5 mm of displacement is 

reached, as shown on Fig.  26. This was in harmony with the damage scenarios of L-angle specimens with 

presence of wrinkle defects [31], which were characterised by first damage located in the lower part of the 

specimen around the 90° ply followed by delaminations and matrix cracking of the -45° and 90° plies 

located above the 0° plies. 
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Fig.  24: Load-Machine displacement curves of the EP-1-2_66° specimen 
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Fig.  25: Stress distribution through the section view A-A (defined on Fig.  23) of the EP-1/2_66° specimen 
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Fig.  26: Numerical damage for three levels of machine displacement 

 

4.4.  Numerical discussion of the variation of the failure load in relation with the misalignment angle 

(with and without initial delamination defect) 

  

 In this section, four theoretical levels of wrinkles were introduced and modelled by a cosine 

function. The four wrinkle levels are presented in Fig.  27, where specimen (a) had a maximum misalignment 

angle of 5.3°, specimen (b) 12°, specimen (c) 23° and specimen (d) 37° of maximum misalignment angle 

relative to the reference surface, which corresponded to the outer radius here. Simulations were run on these 

four specimens without initial delamination defects. Then initial delamination was introduced in each 

specimen to study the combined influence of initial delamination and winkle defects. Pre-damaged interface 

elements are highlighted in red on Fig.  27 and the length of pre-damaged elements, Ld, was chosen to be 

approximately 2 mm (1.8 mm for specimen (a) and 2.0 mm for specimen (d)), which correspond to the 

length measured experimentally on specimen EM-1_1.5°. 
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Fig.  27: Sections of the four wrinkle levels studied with, in red, the localisation of pre-damaged interlaminar interface elements. (a) 5.3° of 

misalignment, (b) 12° of misalignment, (c) 23° of misalignment and (d) 37° of misalignment.   

 

 Numerical results are plotted on Fig.  28, which presents the failure loads of the four specimens 

without initial delamination defects in blue and, in red, the failure load of the four specimens with initial 

delamination defects taken into consideration. The increase of the misalignment angle has the logical effect 

of reducing the failure load. As highlighted in Section 4.1, increasing the length of pre-damaged interface 

elements tended to decrease the resulting failure load. The presence of initial delamination tended to reduce 

the failure load compared to cases without initial delamination defects. Nevertheless, it should be noted 

that, for a fixed length of pre-damaged interlaminar interface elements equal to Ld = 2 mm, increasing the 

misalignment angle had no effect on the value of the failure load up to 12° of misalignment angle. After 

this point, the failure load tended to increase with the misalignment angle. At the maximum of misalignment 

angle, θmax = 37°, the difference of failure loads between simulations of specimens with and without initial 

delamination defects was very small.  
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Fig.  28: Variation of the failure loads in relation to pre-damaged length equal to Ld = 2 mm in red and without initial delamination in blue 

for different misalignment angle 

 

4.5.  Comparison between experimental and numerical failure loads for various levels of misalignment 

and initial delamination length 

  

 This section presents a comparison between the experimental and the numerical distributions of the 

failure loads according to the maximum misalignment angles (Fig.  29). Forty-two L-angle specimens, 

divided into seven batches, were manufactured and tested under four-point bending. Maximum 

misalignment angles were measured between 1.5±2° and 83±2°. Their failure loads are represented by a 

black dots on Fig.  29.  Failure loads estimated from simulations studied previously are symbolised by red 

crosses on Fig.  29. This graph largely represents the influence of initial delamination on the failure loads 

of L-angle samples without any wrinkle defects (in the case of EM-1 batch). Specimens with wrinkle defects 

are correctly represented. However, EP-1/8_26° specimens did not present any visible initial delamination 

defects but, in the light of the difference between experimental and numerical estimated failure loads, it 

seems that they could have been subject to internal initial delamination defects. Model results were 

conservative in comparison with experimental results. Nevertheless, they enabled the effect of wrinkles and 

initial delamination defects on the failure loads to be studied independently. Some damage may have been 

missed by the model due to lack of knowledge of embedded defects. In regard to these results, non-

destructive testing, such as C-scans or tomography, would have been needed to characterise initial 

delamination defects. 
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Fig.  29: Distribution of failure loads according to the maximum misalignment angle and pre-delaminated length for experimental and 

numerical results 

 

5. Conclusions  

 Based on experimental observations, a numerical model has been developed to take wrinkle defects 

into consideration on L-angle specimens under four-point bending tests. The Discrete Ply Model (DPM) 

used in this study has already been used to model four-point bending tests on L-angle specimens without 

defects [22]. The load-machine displacement curves were representative of the experimental ones. The 

model gives a load-machine displacement curve and damage pattern that is highly representative of 

experiments. It predicts maximal load, different load drops and different reaction loads in good agreement 

for the four stacking sequences studied. This first study gives us confidence in the simulation produced by 

the DPM and that bodes well for the four-point bending tests on L-angle specimens with presence of defects. 

 Two types of defects have been studied in this paper, wrinkling of plies and initial delamination 

defects. Section 4.1 focused on a specimen without wrinkle defects but which clearly presented pre-

delaminated areas through the width of the specimen. Thanks to the construction of the DPM (Fig.  3), it 

was possible to initially damage the internal variables of the interlaminar elements corresponding to the 

pre-delaminated length observed experimentally. In this way, the influence of pre-delaminated length, 



considered constant through the width of the L-angle sample and so equivalent to a pre-delaminated area, 

could be studied. Simulations with three pre-delaminated lengths (1 mm, 2 mm and 4 mm) were run. Failure 

loads were respectively 458 N, 357 N, 291 N and 650 N for pristine specimens without pre-damaged 

interface elements. Initial delamination defects had a significant influence on the failure load. Increasing 

the length of pre-damaged interlaminar interface elements result in a decreased failure load.  The load-

machine displacement curve corresponding to the model with a pre-delaminated length of 2 mm, as 

measured on the experimental specimen, was the most representative with respect to the experimental 

envelope curve. This confirms the necessity to take initial delamination defects on L-angle specimens into 

consideration for four-point bending tests. 

 Section 4.2 presented a specimen with no visible initial delamination defect but with wrinkle defects. 

This specimen was characterised by a maximum misalignment angle of 26° with respect to the reference 

surface, which corresponds to the mould (external) contact surface. The wrinkles were taken into 

consideration by a point statement, which was used to fit the mesh at the experimental measurement. The 

four-point bending test was run on this specimen using the DPM. The load-machine displacement curve 

showed the same stiffness as with the pristine specimen but the failure load was dramatically affected by 

the presence of wrinkle defects, changing from 650 N to 406 N. Wrinkling regions induced an out-of-plane 

tensile stress concentration, which led to the failure of the specimen due to delaminations in its lower part. 

The failure loads provided by the DPM for the specimens modelled with wrinkles were 34% higher than 

the experimental mean value. This suggested that core initial delamination defects might be present through 

the width of this L-angle specimen. Nevertheless, it must be noted that simulations allow two load drops to 

be distinguished: the first one caused by damage in the lower part of the specimen and the second by damage 

located in the upper part of the specimen, which was in agreement with the experiments [31].  

 The third section (4.3) focused on EP-1/2_66° specimens, which presented initial delamination 

defects at some interfaces and a high level of wrinkles (Fig.  23). The maximum misalignment angle was 

around 66°. In this case, the wrinkle defects did not affect the failure load and only slightly affected the 

stiffness. When the initial delamination defects were taken into consideration in the model, the failure load 

dropped drastically, by 200 N. The failure loads were in line with the experimental one in this case and 

numerical damage was consistent with the damage observed experimentally.  

 In conclusion, the Discrete Ply Model allows initial delamination defects and wrinkle defects to be 

modelled. Simulations provide an acceptable correlation between experimental and numerical four-point 

bending tests on L-angle specimens with defects (Fig.  29). Nevertheless, both of them need to be taken into 

consideration. Wrinkle defects are correctly estimated from experimental observations but this is not the 



case for initial delamination defects. Non-destructive testing such as C-scans or tomography, needs to be 

used to evaluate pre-delaminated areas in the curvature part of the specimen more precisely before testing. 

The DPM could be used to simulate experimentally observed defects and qualify or disqualify the part. It 

distinguishes the influence of different types of defects independently as initial delaminations and wrinkle 

defects (Fig.  28). It also makes it possible to evaluate the coupling between initial delaminations and wrinkle 

defects and evaluate the knockdown factor for the evolution of each of them (Fig.  29). In conclusion, the 

localisation of wrinkle and initial delamination defects could have a major impact on the unfolding failure 

of curved specimens. It seems important to remember that, although the knockdown factors are important, 

these results could logically be expected due to the localisation of defects in the radius of the curvature of 

the curved specimen. Moreover, under four point-bending tests, induced stresses occur through the 

thickness, which explains their important influence on the failure load of curved specimens with defects. 

This model can be used to study different types of defects, even for flat parts, and to distinguish the most 

harmful.   
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