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Abstract 

Defects such as out-of-plane wrinkles are known to strongly affect in-plane 

strength but there has been very little research on their effect on out-of-plane properties. 

Experimental and numerical studies of multi-directional curved-beam laminates were 

thus carried out to understand the effects of out-of-plane wrinkles on through-thickness 

tensile strength. The initially selected layup saw free-edge delamination interacting with 

transverse cracking, which is undesirable. After suppressing the free-edge delamination 

by dispersing the plies near the specimen surfaces, through-thickness tensile failure was 

observed near the mid-plane. The effects of out-of-plane wrinkles could be studied with 

this appropriate layup, showing a 16% reduction in strength. A High-fidelity Finite 

Element Method (Hi-FEM) has been used to distinguish between the different failure 

modes and to understand the effects of wrinkles. Good agreement was achieved 

between the numerical and experimental results in terms of through-thickness tensile 

strengths and delamination locations. 

Keywords: B. Defects; B. Delamination; C. Finite element analysis (FEA); C. 

Transverse cracking; 

1 Introduction 

Laminated composite materials have outstanding in-plane properties such as high 

stiffness and strength-to-weight ratios [1], but relatively low interlaminar properties. 
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This is because of a lack of through-thickness reinforcement normal to the fibre 

direction, so the laminate relies on the matrix to withstand loading. Delamination is a 

commonly observed type of failure in laminated composites, which can occur due to 

high interlaminar stresses developed at free edges and discontinuities [2], through-

thickness tensile loading and geometry curvature [3]. Through-thickness tensile strength 

(σI
max) is a key characteristic of a composite laminate’s resistance to delamination 

initiation and so its accurate prediction is important for composite structures. 

An ASTM D6415/D6415M – 06a standard [4] which utilizes a curved-beam 

configuration under pure bending introduced by a 4-point bending jig is available to 

characterize σI
max for fibre-reinforced polymer-matrix composites. The curved-beam 

configuration can generate high through-thickness tensile stresses near the mid-plane 

the specimen, and σI
max can be determined from the critical bending moment at the first 

load drop based on Lekhnitskii [5] or Kedward et al. [6]. It is still quite challenging to 

know when the measured σI
max

 can be used as a material property. For example, Jackson 

and Martin [7] tested Unidirectional (UD) AS4/3501-6 carbon/epoxy curved bean 

specimens of different thicknesses (ply thickness is 0.123 mm in the thin specimens). 

They found that the thinner specimens showed higher mean σI
max than the thicker ones, 

owing to the observed large macroscopic flaws such as voids or resin pockets, which 

could be explained by volume scaling laws. This is consistent with [8] in which 

significant size effects on interlaminar tensile strength were demonstrated in volume 

scaled UD glass/epoxy curved-beam laminates. 

The ASTM D6415/D6415M – 06a standard [4] also highlights the difficulty in 

using non-unidirectional specimens in which matrix cracks and free-edge stresses may 

cause errors in the σI
max

 calculations. Lekhnitskii’s [5] equations assume homogeneity, 
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so σI
max is expected to be independent of specimen stacking sequences. This was found 

to be true for specimens of UD and different Quasi-isotropic (QI) stacking sequences 

with a laminate thickness between 4.2 and 8.4 mm by Charrier et al. [9], who reported a 

σI
max value of 47 MPa for T700GC/M21 carbon/epoxy composite laminates of different 

stacking sequences (ply thickness is 0.262 mm). In contrast, González-Cantero et al. 

[10] found that it is not the case for the specimens of different QI stacking sequences 

(ply thickness is 0.184 mm) with a laminate thickness between 1.7 and 8.8 mm, in 

which the transverse cracking in the 90° plies under high in-plane tensile stresses plays 

a key role in delamination onset. Their stress analyses were backed by up by the 

observation of different delamination locations with different laminate thicknesses and 

stacking sequences. Tasdemir and Coker [11] highlighted a similar effect of transverse 

cracks in 90° plies in their AS4/8552 carbon/epoxy cross-ply laminates (ply thickness is 

0.184 mm). They reported the σI
max values of 55 MPa and 62 MPa for the two stacking 

sequences used. Nguyen et al. [12] tested and modelled L-shape carbon/epoxy (USN-

150B, SK Chemicals, Korea) specimens with a QI stacking sequence. They compared 

different input parameters such as the interlaminar tensile and shear strengths in their 

FE analyses and correlated satisfactorily against the experimental results. However, they 

[12] did not consider the effect of transverse cracks. 

Free edges give rise to stress concentrations due to high interlaminar shear and 

tensile stresses in some composite laminates [13]. Free-edge effects have been studied 

extensively [2, 14-17]. In some laminates, these effects can lead to premature failure 

initiating at the free edges. Free-edge effects in curved-beam tests have been studied by 

Fletcher et al. [18], and were significantly reduced by using an edge layer of resin,  

achieving 16% higher Curved Beam Strength (CBS) which is equivalent to 
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approximately 49 MPa for IMA/M21 carbon/epoxy multidirectional laminates with a 

ply thickness of 0.25 mm. In contrast, Charrier et al. [9] claimed that the free-edge 

effects are negligible in their T700GC/M21 carbon/epoxy QI laminates. The change in 

strength caused by changing ply block thickness is usually more significant than by just 

changing the laminate volume like in [7, 8].  Laminates with thicker ply blocks have 

more energy available to drive failure due to matrix cracking and delamination [19, 20]. 

Therefore, dispersing the plies may suppress free-edge delamination, potentially 

resulting in a different failure mode. 

Defects and features, including out-of-plane wrinkles, can occur during 

composites manufacture. Previously, the effects of defects and features in flat coupons 

have been studied experimentally [21-25] and numerically [26]. It was concluded that 

the effects on in-plane tensile and compressive strengths are most significant when gaps 

and overlaps are combined in a complex network [23, 26]. Among these defects and 

features, the commonly observed out-of-plane wrinkles were found to influence the 

tensile and compressive strengths [27, 28]. However, it has not been studied yet how 

such defects influence the through-thickness tensile strength.  

In the current work, a method adapted from the ASTM D6415/D6415M – 06a 

standard has been used to determine σI
max by using multidirectional curved-beam 

specimens. After observing undesirable delamination near the inner radius with an 

initial stacking sequence, an improved stacking sequence was used to characterise σI
max. 

This was done by dispersing the plies near both surfaces, and the delamination location 

was changed to be nearer the mid-plane. Based on the second layup, a further study of 

the effects of out-of-plane wrinkles on through-thickness tensile strength was carried 

out. A High-fidelity Finite Element Method (Hi-FEM) which can predict damage 
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evolution was used to help understand the competing failure modes. Hi-FEM can 

distinguish between complex failure mechanisms such as free-edge effects, transverse 

cracking and through-thickness tensile failure. Good agreement has been achieved 

between the Hi-FEM predictions and the experimental results in terms of through-

thickness tensile strength, the failure mode and delamination location. 

2 Experimental study 

The test method follows the ASTM D6415/D6415M – 06a standard [4], but with 

increased radii to accommodate out-of-plane wrinkles and increased width to minimise 

the interaction between the two free edges. The test set-up comprises a 4-point bending 

test jig and a curved-beam specimen as shown in Figure 1. In the test jig, four rollers are 

in contact with the specimen, which have a diameter of 20 mm. The diameter is larger 

than that suggested by the ASTM standard, and the purpose is to reduce the stress 

concentrations under the rollers. The upper half of the test fixture is fixed while the 

lower half is driven upwards by a hydraulic actuator to apply a bending moment to the 

specimen which in turn generates through-thickness tensile stresses in the curved 

portion of the test specimen. A G-clamp (yellow) is used to hold the upper fixture 

together in order to constrain any potential horizontal movement of the upper rollers as 

shown in Figure 1b. 

 

 

a)  Schematic of the curved-beam specimen 
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b) Four-point bend test arrangement 

Figure 1. Curved-beam test set-up. 

Hexcel’s HexPly® IM7/8552 carbon/epoxy UD pre-preg was used in the current 

study. Two multidirectional stacking sequences were used, which are Layup 1 - 

[04(+452/ 902/ -452/ 02)4]s and Layup 2 - [0, (+45 /0 /90 /0 /-45 / 0)2 (+452/ 902/ -452/ 

02)3]s, with 90° plies being straight across the specimen width. Initially, Layup 1 was 

used, which has double-ply blocks throughout the thickness and 2 extra 0° plies at the 

surfaces to reduce the risk of in-plane failure. An undesirable delamination location was 

observed near the inner radius. Delamination is expected to occur across the width near 

the peak radial tensile stress in the middle third of the thickness as per the ASTM 

standard [4]. Layup 2 was therefore introduced, which has single-ply sub-laminates near 

both surfaces and double-ply blocks near the centre of the laminate. The purpose is to 

suppress the potential free-edge delamination near the inner radius. It proved effective 

in moving the delamination plane closer to the specimen mid-plane.  Finally, an out-of-

plane wrinkle was introduced by adding a precise pattern of 90° pre-preg strips into the 

Layup 2 stack to study the effect on strength. The thickness of the inserted strips and 

their locations were controlled to yield specimens with a certain wrinkle angle as shown 
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in Figure 2c [27]. The nominal ply thickness is 0.125 mm, so the nominal specimen 

thickness is 9 mm and 9.25 mm for Layup 1 and Layup 2, respectively, which is close 

to the actual specimen thickness. Tests were performed on an Instron hydraulic-driven 

test machine operating in displacement control at a rate of 2 mm/min. 

 

a) Wrinkle specimen 

 

 

b) Winkle defination [27] c) Winkle introduction [27] 

Figure 2. Definition of the out-of-plane wrinkle in a curved beam. 

The load-displacement curves were non-linear from the beginning of the 4-point 

bending test because of some compliance in the test rig. The response becomes stiffer 

during loading, until the 1st load drop occurs. This corresponds to the first sudden 

delamination in the curved region of the specimen. The through-thickness tensile 

strength values were calculated according to Equations 1 to 4 from the ASTM 

D6415/D6415M – 06a standard [4]. The σI
max values were based on the 1st load drop in 

h = 2A 
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the load displacement curve. Then further load drops were observed as delaminations 

migrate or occur at other interfaces.  

 CBS = (
𝑃

2𝑊𝑐𝑜𝑠(𝜑)
)(

𝑑𝑥
cos(𝜑)

+ (𝐷 + 𝑡) tan(𝜑)) (1) 

 
𝜑 = sin−1(

−𝑑𝑥(𝐷 + 𝑡) + 𝑑𝑦√𝑑𝑥2 + 𝑑𝑦2 − 𝐷2 − 2𝐷𝑡 − 𝑡2

𝑑𝑥2 + 𝑑𝑦2
) (2) 

 
𝑑𝑦 = 𝑑𝑥 tan(𝜑𝑖) +

𝐷 + 𝑡

cos(𝜑𝑖)
− ∆ (3) 

 
𝜎𝐼
𝑚𝑎𝑥 =

3𝐶𝐵𝑆

2𝑡√𝑟𝑖𝑟0
 (4) 

where CBS is the Curved Beam Strength, P is the failure load, W = 30 mm is the width 

of the specimen, φ is the angle from horizontal of the specimen legs in degrees, φi = 45° 

is the angle from horizontal of the specimen legs at the beginning of the test in degrees, 

dx = 16 mm and dy (57 mm for Layup 1 and 57.4 mm for Layup 2) are the horizontal 

and vertical distances between two adjacent top and bottom loading bars respectively, D 

= 20 mm is the diameter of the cylindrical loading bars on the four-point-bending 

fixture, t is the average thickness of the specimen, Δ is the relative displacement 

between the top and bottom halves of the four-point-bending fixture, ri = 20 mm and ro 

(29 mm for Layup 1 and 29.25 mm for Layup 2) are inner and outer radii. 

Photographs were taken after the 1st load drop to identify the delamination locations 

through the laminate thickness in each test. A summary of the test results and 

delamination locations is given in Table 1. It can be seen that the measured σI
max

 

decreases by 16% when introducing the out-of-plane wrinkle with Layup 2. The 

differences are statistically significant with a confidence level of 95% in a student’s t 

test. 
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Table 1. Summary of test results. 

 Pristine Layup 1 Pristine Layup 2 Wrinkle Layup 2 

Delamination 

Location 
Near inner radius Middle through thickness Middle through thickness 

Specimen  

ID 

Failure load 

(kN) 

ASTM σI
max 

(MPa) 

Failure load 

(kN) 

ASTM σI
max 

(MPa) 

Failure load 

(kN) 

ASTM σI
max 

(MPa) 

1 6.77 50.2 7.08 49.5 5.25 37.9 

2 6.93 49.7 8.15 55.2 5.30 38.3 

3 6.21 46.1 8.41 57.0 6.31 44.1 

4 7.03 52.1 8.52 57.7 7.28 50.9 

5 5.82 43.1 6.57 44.5 7.13 49.8 

6 - - 7.88 53.4 6.67 46.6 

Mean 6.55 48.3 7.77 52.9 6.32 44.6 

C.V. (%) 7.9 7.5 10.0 9.5 13.9 11.4 

 

3 Numerical study 

A High-fidelity Finite Element Method (Hi-FEM) has been adopted using cohesive 

interface elements between each adjacent ply and within each ply along pre-defined 

potential split paths to help understand the competing failure modes in the curved-beam 

tests and predict overall failure in detail. This is difficult to examine experimentally due 

to the complex nature of the different failure mechanisms e.g. matrix cracking, free-edge 

delaminations and through-thickness tensile failure. Only after distinguishing between 

the competing failure modes in the pristine models, can the effects of the out-of-plane 

wrinkles be separated out and investigated. 
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3.1 Model set-up 

 The 3D FE mesh of the whole specimen was first generated automatically to form 

a flat pristine model in the explicit FE software LS-Dyna, using the same unit cell mesh 

introduced by Li et al. [26]. An out-of-plane wrinkle defect was generated at the mid-

plane of the pristine model. Then the flat model mesh was transformed to become the 

curved-beam model as shown in Figure 3. According to the definition in [27], the 

wrinkle angle θ was characterised by the wavelength λ and the amplitude A as illustrated 

in Figure 2. Different wrinkle angles in flat laminates were already compared in [27, 

28], from which the most severe wrinkle angle is chosen to form the curved beams in 

the current study. In the curved-beam wrinkle model, the modelled angle θ = 18° is the 

same as that measured in the specimens (θ = 18°, C.V. 2.6%). 

 

 

 

Figure 3. FE mesh of the curved-beam model. 

The full 3D model is 30 mm wide with a uniform minimum mesh size of 0.35 mm 

across the width. There is one 8-node constant stress continuum element through each 

ply thickness i.e. 0.25 mm for Layup 1 and the inner plies for Layup 2, and 0.125 mm 

for the outer dispersed plies for Layup 2. A coarser mesh is used away from the curved 
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region. Half of the steel loading rollers (D = 20 mm) were also modelled. Surface to 

surface contacts were used between the loading rollers and the curved specimen.  

Firstly, a temperature drop of 160°C was applied to the model to simulate the 

occurrence of residual stresses that develop during cool down from the curing 

temperature. Then a velocity was applied vertically at the nodes on top of the half upper 

rollers as shown in Figure 4, which is slowly ramped up to 1 mm/s and then remained 

constant after contact between the rollers and the curved specimen is achieved. The half 

lower rollers were fixed. Some nodes of the curved specimen were constrained during 

thermal loading but remain unconstrained when contacts were established.  

 

Figure 4. Curved-beam model indicating boundary conditions. 

In the FE analysis, 8-node zero-thickness cohesive interface elements inserted into 

the unit cell mesh, as indicated in Figure 3, are used to simulate potential splitting within 

plies. Cohesive elements are also inserted between every pair of adjacent laminate plies 

simulating potential delaminations. There are two criteria as shown in Equation 5 [29]: 

The first one is a stress-based criterion for damage initiation. The second one is an 

energy-based criterion for damage propagation. A mixed-mode traction-separation law is 

applied for cohesive interface elements in a user-defined material subroutine as shown in 

Figure 5 [29]. When the damage initiation criterion is met, the traction softens linearly 

Automatic surface to surface contact 

Velocity 

Fixed Fixed 
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until the damage propagation criterion is met and the contribution of the failed cohesive 

elements is reduced to zero. The splitting elements and the delamination elements have 

the same properties assuming transverse isotropy. This has been experimentally 

validated for the current material system in [30] for Mode I fracture toughness. 

 

{
 
 

 
 (
max(𝜎𝐼 , 0)

𝜎𝐼
𝑚𝑎𝑥 )

2

+ (
𝜎𝐼𝐼
𝜎𝐼𝐼
𝑚𝑎𝑥)

2

= 1fordamageinitiation

𝐺𝐼
𝐺𝐼𝐶

+
𝐺𝐼𝐼
𝐺𝐼𝐼𝐶

= 1fordamagepropagation

 (5) 

where σI is the FE simulated through-thickness stress, σII are the shear stress components, 

σI
max is the through-thickness tensile strength, σII

max is the interlaminar shear strength, GI 

is Mode I elastic strain energy release rate, GIC is Mode I fracture energy, GII is Mode II 

elastic strain energy release rate and GIIC is Mode II fracture energy. 

 

Figure 5. Mixed-mode traction-separation relationship, indicating the initiation and 

propagation failure criteria [29]. 

The material properties used in the FE analysis listed in Table 2 are from the previous 

literature [31] in which the fracture energy values are derived from the experimental 

results in [32]. The penalty stiffness used for the cohesive interface elements is 105 N/mm3, 

which is in the range of the proposed values by Turon et al. [33].  The mass was scaled up 

by a factor of about 1,000,000 to reduce run times. Dynamic effects were checked by 
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comparing the kinetic energy to the internal energy, which was sufficiently low that the 

failure predictions were not affected.  

Table 2. Input parameters for FE analysis [31, 32]. 

Properties of cohesive interface elements 

GIC (N/mm) GIIC (N/mm) σI
max (MPa) σII

max (MPa) 

0.2 1.0 60 90 

Properties of continuum elements 

E11 (GPa) E22=E33 (GPa) G12=G13 (GPa) G23 (GPa) 

161 11.4 5.17 3.98 

α22= α33 (⁰C-1) α11 (⁰C-1) υ12=υ13 υ23 

310-5 0.0 0.320 0.436 

 

3.2 Models verification 

The Hi-FEM models are verified by the curved-beam test results in terms of the 

load-displacement response, σI
max and delamination locations.   

The simulated responses are compared with the typical load-displacement curves 

from the tests, showing excellent correlations in terms of the stiffness and the 1st load 

drop as shown in Figure 6. The experimental scatter (mean ± standard deviation) is also 

shown in Figures 6 and 7. There are multiple load drops in the experiments when 

delaminations migrate through the laminate thickness and the 1st load drop is taken as 

the failure load as per the ASTM D6415/D6415M – 06a  standard [4]. The oscillation at 

the beginning and the surge of force at failure in the model is due to mass scaling which 

results in dynamic effects. The initial oscillation is largely reduced when the rollers are 

in full contact with the laminate. A cos filter in LS-PrePost was applied to the load-
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displacement curves to minimize the numerical load surge at the peak load, without 

significantly affecting the other part of the curves. This also does not affect the failure 

prediction, because the predicted force is taken when cohesive elements start to fail just 

before the load surge, rather than the peak load on the simulated load-displacement 

curve. The predicted stiffness is almost the same for the Pristine and Wrinkle Layup 2 

models as shown in Figure 6 because there is just one localised wrinkle at the mid-plane 

of the specimen, which is loaded in bending. 

 

a) Pristine Layup 1 

  

b) Pristine Layup 2 c) Wrinkle Layup 2 

Figure 6. Comparison of typical load – displacement curves with experimental scatter 

also shown as the dashed horizontal lines. 

The modelling results are also compared with all experimental results in Figure 7. 

The models using the material properties from the previous literature accurately predict 
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the failure of the Pristine Layup 1 and the Wrinkle Layup 2 cases, but slightly over 

predict the Pristine Layup 2 case. The results indicate that the out-of-plane wrinkle 

causes a significant decrease of failure load with Layup 2, as found experimentally. A 

pristine model (Layup 2) with a smaller minimum mesh size of 0.25 mm yields almost 

the same result (within 0.6%), so the results are not mesh size sensitive. 

 

Figure 7. Comparison of test and modelling results. 

The curved-beam models predict that delamination occurs (in red) at the mid-

plane of the model through the thickness of Layup 2, rather than at the inner radius as 

seen in the model with Layup 1 in Figure 8. When a wrinkle defect is also placed at the 

mid-plane of the specimen, delamination occurs near the wrinkle as shown in Figure 8, 

which is consistent with tests. 
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 Modelling results Experimental results 

Pristine Layup 1 

  

Pristine Layup 2 

  

Wrinkle Layup 2 

  

Figure 8. Delamination locations at predicted and measured failure loads. 

3.3 Competing failure modes 

There are two primary competing failure modes in the curved-beam models:  

1) Free-edge delamination near the inner radius in Layup 1 that interacts with 

transverse cracks in the 90° plies.  

2) Mid-plane delamination caused by overall through-thickness tension due to the 

curvature in Layup 2.  

The two failure mechanisms result in different predicted delamination locations 

which were verified by the experimental observations as shown in Figure 8. 

In the Pristine Layup 1 model, 90° transverse cracks are formed under in-plane 

tension. The free-edge delamination initiated from the 90° transverse cracks after they 

8.4 kN 

7.3 kN 6.5 kN 

9.0 kN 

6.7 kN 6.9 kN 
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formed. This results in a delamination location at the 90°/45° interface near the inner 

radius as shown in Figure 9. According to the Pristine Layup 1 mode, the formation of 

transverse cracks leads immediately to delaminations, so it is extremely difficult to 

capture the sequence experimentally. The free-edge delamination is controlled mainly 

by the fracture properties which was demonstrated by a numerical sensitivity study in 

which when GIC and GIIC were increased by 50%, and the failure load increased by 21%. 

This is as expected since the energy release rate is proportional to the load squared. The 

results are not sensitive to the strength values because of the stress singularity at the free 

edge. 

 

Figure 9. Interaction between 90° transverse cracking and delamination at the 90°/45° 

interface in a Pristine Layup 1 specimen. 

In the Pristine Layup 2 model centre-line cross-section in Figure 10, high through-

thickness tensile stresses can be seen to occur at the mid-plane through the thickness 

away from the free edge. The internal through-thickness tensile stress distribution is 

similar across the width. This results in a delamination location at the 90°/45° interface 

near the mid-plane. The simulated through-thickness tensile stress just before 

delamination, and that back calculated from the predicted failure load using Equations 1 

to 4 are close to the input through-thickness strength of the cohesive elements of 60 
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MPa, which indicates that the failure is mainly controlled by through-thickness tension 

but not caused by the high stresses at the free edge. Compared to the Pristine Layup 1 

model, the Pristine Layup 2 model is less influenced by the fracture properties which 

was also demonstrated by a numerical sensitivity study in which when GIC and GIIC 

values were increased by 50%, the failure load only increased by 7%. There is already 

enough energy to drive delaminations once the through-thickness tensile strength is 

reached. 

 
Figure 10. Internal through-thickness tensile stress distribution at the centre plane across 

the width of the Pristine Layup 2 model just before delamination (MPa). 

3.4 Effects of out-of-plane wrinkles 

In the Wrinkle Layup 2 model, the wrinkle defect gives rise to higher through-

thickness tensile stresses away from the free edge, which also leads to a delamination at 

the 90°/45° interface under the wrinkle near the mid-plane. This is demonstrated in the 

FE results of internal through-thickness tensile stresses just before delamination as 

shown in Figure 11. In the wrinkle model in Figure 11a, the through-thickness stress 

distribution changes with the presence of the out-of-plane wrinkle compared to the 

baseline in Figure 11b. The maximum value near the wrinkle, is very close to the input 

through-thickness tensile strength of the cohesive elements of 60 MPa. In the Pristine 

Layup 2 model at the same applied load of 6.5 kN in Figure 11b, the through-thickness 
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stresses are distributed evenly around the curved region, with the maximum value near 

the middle through the thickness being 17% lower than that in Figure 11a and well 

below the input through-thickness tensile strength of the cohesive elements. The 

wrinkle induced additional through-thickness tensile stresses, which may be affected by 

the presence of the smaller local radii. This is the reason for the 16% reduction of the 

measured failure load and 28% reduction of the predicted failure load. 

 
a) Wrinkle Layup 2 model just before delamination 

 
b) Pristine Layup 2 model at the same load of 6.5 kN as a) 

Figure 11. Comparison of predicted internal through-thickness tensile stress distribution 

at the centre plane across the specimen width (MPa). 

4 Discussion 

González-Cantero et al. [10] pointed out that while through-thickness tension is a 

main reason for the unfolding failure in curved laminates, transverse cracks in 90° plies 
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is another secondary failure mechanism. The experimental and numerical results 

presented here are consistent with the previous findings. For example, in the Pristine 

Layup 1 case, delamination was near the inner radius where the transverse tensile stress 

is high. The Hi-FEM model predicts the cohesive elements representing potential 90° 

ply cracks are already softened just before delamination onset. These transverse cracks 

interact with the free-edge stresses and lead to the early delamination onset.  

Since free-edge effects play a role in the Pristine Layup 1 case, by using thinner 

plies near the surfaces in the two Layup 2 cases, the delamination location is moved 

from near the inner radius to the mid-plane through the thickness. This is because the 

free-edge delamination is suppressed near the inner radius by dispersing the plies near 

the specimen surfaces in Layup 2. The 90° ply cracks near the inner radius interact 

much less with the free edge than in Layup 1. Delamination is caused by the high 

overall through-thickness tensile stress due to the curvature. As a result, the failure load 

in the Pristine Layup 2 case is higher than that in the Pristine Layup 1 case.  

5 Summary and conclusions 

This work demonstrated the effect of out-of-plane wrinkles on through-thickness 

tensile strength in curved multi-directional laminates. This was done by carefully 

choosing the appropriate stacking sequence to highlight and understand the two 

competing failure modes.  

An adaptation of the ASTM D6415/D6415M – 06a standard was successfully 

applied to multidirectional curved-beam specimens. Initially, an undesirable 

delamination located near the inner radius was observed in the curved-beam specimens 

with blocked plies throughout the thickness (Layup 1). By dispersing the plies near the 

specimen surfaces (Layup 2), the delamination location was moved to the middle 
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through the thickness. This improved stacking sequence enables the study of the knock-

down effects of out-of-plane wrinkles on through-thickness tensile strength. 

Two primary competing failure modes were distinguished in the High-fidelity Finite 

Element Method (Hi-FEM) models with the two different stacking sequences. 

1) Free-edge delamination near the inner radius in Layup 1 that interacts with 

transverse cracks in the 90° plies.  

2) Mid-plane delamination caused by overall through-thickness tension due to the 

curvature in Layup 2.  

The predicted failure loads from the three modelled cases generally agree well with the 

experimental results. 

Layup 1 with blocked plies throughout the thickness was not suitable for the study 

of out-of-plane wrinkles in the middle of the through the thickness direction. Hence, the 

wrinkles were introduced in the specimens with Layup 2 which has dispersed plies near 

the specimen surfaces. It was found that the out-of-plane wrinkles can lead to a 16% 

reduction in the measured through-thickness tensile strength. It would be misleading to 

study the significant effects of winkles if Layup 1 was used due to the different failure 

mode. 
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