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Abstract

This paper presents a numerical study of the delamination migration in angle-ply laminates

observed in experiments reported in the literature, where the delamination originally prop-

agates along the lower, 0◦/60◦ interface and later migrates onto the upper, 60◦/0◦ interface.

The recently-developed Floating Node Method (FNM) is used for modelling this problem.

The initiation and propagation of both delamination and matrix cracks are modelled within

the FNM elements. Experimentally-observed phenomena such as the numerous kinking at-

tempts and the multiple onset locations of migration are successfully predicted. The effect

of load offset on the locations of migration is captured. In addition, this work tries to shed

light on the proper use of standard cohesive elements in cases where delamination migration

is expected.
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1. Introduction1

Delamination is one of the most critical failure mechanisms in composite laminates.2

While delamination usually initiates on an interface between two dissimilar plies, its propa-3

gation is often complicated by delamination migration, i.e., the phenomenon of delamination4
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(a) Delamination migration [1]. (b) Delamination migrations in low-velocity impact [2].

Figure 1: Delamination migration in composites.

initially propagating along one interface and later jumping onto another through a matrix5

crack (see Figure 1a) [1]. This is particularly pertinent in the case of low-velocity impact6

(see Figure 1b) [2].7

Considerable experimental research has been dedicated to the study of delamination8

migration [1, 3–7]. In particular, Ratcliffe et al. [1, 6] designed an experiment to isolate the9

entire process of a single delamination migration event and examined its driving mechanisms10

in cross-ply tape laminates (Figure 2 with θ = 90◦). In their experiments, the delamination11

propagated along the lower, 0◦/90◦ interface until a single, through-the-width matrix crack12

in the 90◦ plies caused the migration of the delamination onto the upper, 90◦/0◦ interface.13

In addition, the effect of the load offset with respect to the crack tip location (i.e., the value14

of L/a0 in Figure 2) was examined. It is found that this offset determines the initial shear15

sign in front of the crack tip and dictates the eventual location of delamination migration [1].16

Since then, several modelling works have been reported to study the delamination migration17

in cross-ply tape laminates using different modelling methods [8–11].18

The laminates in actual structures are rarely cross-ply ones. Promising results have19

been obtained on the study of delamination migration in angle-ply laminates using the20

XFEM-CE method (a method combining the extended finite element method (XFEM) with21

cohesive element (CE) [12]), where migration starts right from the tip of the pre-crack and22

is accomplished by a continuous matrix crack across the ply width [12, 13]. Recently, the23

2



Clamp Clamp 

Base 

Specimen 

Loading rod 

Pre-crack 

a0

L Pre-crack 
[0�]

[0�]
[✓4]

Figure 2: The setup of the delamination migration experiments by Ratcliffe et al. [1, 7] (not drawn to scale).
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Figure 3: The X-Ray image of the upper arm of a specimen with a 0◦/60◦ migration interface [7].

experimental setup in [1, 6] has been adopted to investigate delamination migration in more24

generic angle-ply laminates in [7]. It is found that the migration processes can be more25

complicated than those in the simpler cross-ply laminates in [1, 6] and the angle-ply ones in26

[12, 13]. Figure 3 shows the X-Ray image of the upper arm of a specimen from Pernice et27

al. [7] with θ = 60◦. Firstly, many kinking events (defined as the turning of delamination28

into the 60◦ ply [7]) are observed prior to the eventual migration. Secondly, the migration29

cannot be represented by a single matrix crack in the 60◦ ply; instead, it is represented by30

multiple matrix cracks across the width of the 60◦ ply.31

To the authors’ knowledge, the complex migration characteristics of angle-ply laminates32

observed by Pernice et al. [7], i.e., multiple kinking events before the eventual migration33

and different migration locations across the specimen width, have yet to be predicted by34

numerical modelling. Recently, a Floating Node Method (FNM) [8, 14, 15] has been devel-35
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oped to model complex cracking patterns in composites. It has origins from the Hansbo’s36

method [16] and its variants [17–22]. When it comes to modelling crack propagations, the37

above-mentioned methods, together with many others such as the meshless methods [23–27],38

the XFEM-based methods [12, 28–33], the phase-field method [34–37] and the thick level-set39

method [38–41], all belong to the broad family of methods which do not rely on remeshing.40

This paper presents the modelling of the above-mentioned delamination migration phenom-41

ena, using the FNM. The effect of the load offset (i.e., L/a0 in Figure 2) is also examined.42

This work also tries to shed light on the immediate applicability of the standard cohesive43

elements (which have been so successfully used for the modelling of delamination [42–52])44

for the modelling of delamination migration.45

The structure of the paper is organised as follows. The background of the FNM is46

presented in Section 2, followed by the finite element model in Section 3 and the results in47

Section 4. Discussions of the results are presented in Section 5, and finally the conclusions48

are drawn in Section 6.49

2. Background of the Floating Node Method for composites50

The full details of the FNM for composite laminates can be found in [15]. This section51

presents the essential aspects of the method for the understanding of its application in this52

paper.53

2.1. Edge connectivity and floating DoF54

In the FNM, the definition of an element is enriched to include both node connectivity55

and edge connectivity, where the global indices of the nodes and edges of an element are56

recorded according to an ordered convention (Figure 4a and 4b). In addition to allocating57

DoFs to the nodes, DoFs are also allocated to the edges (and, in general, to element entities58

such as surfaces and volumes). In contrast to the nodal DoFs, the DoFs of edges are called59
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Figure 4: Edge connectivity and floating DoF.

floating DoFs. Floating DoFs can be freely allocated to any geometrical entity, and be used to60

represent the DoF of an arbitrary node on this entity, the location of which may not be known61

a priori. Details of the 2D FNM elements for the modelling of matrix crack/delamination62

interaction problems can be found in [8, 14], and those of the 3D FNM for the modelling63

in-plane tensile failure of composites in [15].64

2.2. Ply element65

A ply element can be constructed with the FNM, such that a matrix crack can be66

modelled within its domain. Figure 5a shows the node, edge and DoF definitions of this67

element. In this paper, matrix cracks are approximated to be vertical.68

Before matrix cracking, the static equilibrium of a body with volume Ω under body forces69

with density f (acting on Ω) and traction t acting on the boundary Γt can be expressed in70

the weak form as:71 ∫
Ω
εT(v)σ (u) dΩ =

∫
Ω
vTf dΩ +

∫
Γt

vTt dΓ (1)

where u is the displacement solution, v is the test function, ε is the strain tensor (related to72

u through the differential operator relative to Cartesian coordinates Lx as ε = Lx(u)), and73

σ is the stress tensor (related to the strains through Hooke’s law as σ = Dε, with D being74

the constitutive tensor). In this case (i.e., before matrix cracking), the ply element is simply75

a standard linear brick element. The crack nodes do not exist yet, and the floating DoFs76
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(b) A matrix crack introduces four pairs of coinciding crack nodes on four edges of the element.

Figure 5: A partitionable ply element by FNM.

are not used [15]. In the current implementation of the method as user-defined elements of77

the commercial software Abaqus, the stiffness terms of the unused floating DoFs are all set78

to zero. Note that the Abaqus solver is able to remove these zero rows and columns from79

the global stiffness matrix, hence the unused floating DoFs effectively do not play a part in80

the solution process.81

If a certain failure criterion or propagation criterion is met, then a matrix crack initiates82

or propagates (respectively) within the element domain. Assuming that the matrix crack is83

a cohesive crack, the weak form of the equilibrium equation now becomes:84

∫
ΩA∪ΩB

εT(v)σ (u) dΩ +
∫

ΓC
JvKT

τc(JuK) dΓ =
∫

ΩA∪ΩB
vTf dΩ +

∫
Γt

vTt dΓ (2)

where J•K represents the jump of a variable between the top and bottom surfaces of the85

cohesive crack, and τc is the traction acting between the surfaces of the cohesive crack. τc86

relates to the separation of the top and bottom surfaces of the cohesive crack, JuK, through87
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a constitutive relationship of the form:88

τc = DCEJuK (3)

where DCE is the cohesive constitutive tensor.89

Supposing that the matrix crack cuts across four edges of the element, for instance, Edge90

1, Edge 3, Edge 5 and Edge 7, then it creates four pairs of initially coinciding crack nodes,91

c±I , c±III, c±V and c±VII, on the four edges, respectively (Figure 5b). The coordinates of the92

crack nodes are the intersections of the crack and the edges. The matrix crack partitions93

the original domain Ω into two subdomains, ΩA and ΩB, with ΓC being the crack interface.94

Three Sub-Elements (SEs) can be formed, such that they represent the two bulk subdomains95

ΩA and ΩB and the cohesive crack ΓC. Note that the nodal coordinates of these SEs are fully96

defined by the original nodes and crack nodes [15]. With the floating DoF sets allocated to97

represent the displacements of the crack nodes, the DoF vectors (i.e., qΩA ,qΩB ,qΓC) of the98

three SEs are also fully defined. Under the assumption of isoparametric representation, the99

displacement solution is:100

u (x) =


NΩA (x) qΩA , if x ∈ ΩA;

NΩB (x) qΩB , if x ∈ ΩB,
(4)

with101

JuK (x) = NΓC (x) qΓC , if x ∈ ΓC, (5)

where NΩA , NΩB and NΓC are the standard finite element shape function matrices (in102

physical coordinates) of the elements defined by ΩA, ΩB and ΓC, respectively. The stiffness103

matrices (i.e., KΩA , KΩB , KΓC) and force vectors (i.e., QΩA , QΩB , QΓC) of the SEs can be104

calculated using standard finite element integration techniques [15]. The weak form of the105
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equilibrium equation, Equation (2), can be written in an assembled form as:106

Kel qel = Qel (6)

with:107

Kel = A (KΩA ,KΩB ,KΓC) , (7)

qel = A (qΩA ,qΩB ,qΓC) ,

Qel = A (QΩA ,QΩB ,QΓC) ,

where A is the assembly operator.108

2.3. Cohesive element109

Previous studies have shown that the explicit modelling of matrix crack boundaries on110

the interfaces is needed for the accurate prediction of matrix crack/delamination interaction111

[14, 22]. In 3D laminates, matrix cracks may occur on both sides of the interface. In112

order to capture the stress concentrations induced by both matrix cracks, a partitionable113

cohesive element is formulated. It consists of two initially coinciding surfaces, with suitable114

connectivities for both its nodes and its edges. A pair of floating DoF sets are allocated to115

each edge of the element (Figure 6a).116

Before any matrix crack appearing from the top or bottom ply element, the cohesive117

element is a standard 8-node linear cohesive element and the floating DoFs are not used.118

If a matrix crack occurs on the top ply element (Figure 6b), then it creates two pairs of119

initially coinciding crack nodes on these edges, i.e., c±V and c±VII, respectively. Two auxiliary120

nodes which initially coincide with the crack nodes can also be defined and located on121

the bottom surface of the cohesive element, ie., cI and cIII. These nodes allow the nodal122

coordinates of the SEs, in this case SE1 and SE2 (see Figure 6b), to be defined. With the123
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Figure 6: A partitionable cohesive element by the FNM.

use of the floating DoFs, the DoF vectors (i.e., qSE1 ,qSE2) of the two SEs can be formed.124

The separation at location x, JuK (x), is:125

JuK (x) =


NSE1 (x) qSE1 , if x ∈ ΩSE1 ,

NSE2 (x) qSE2 , if x ∈ ΩSE2 ,
(8)

where NSE1 and NSE2 are shape function matrices (in physical coordinates) of the cohesive126

SEs on SE1 and SE2, respectively. The stiffness matrices of the two SEs, KSE1 and KSE2 ,127

can be calculated using the standard procedure detailed in [15, 42]. The overall stiffness128

matrix of the cohesive element, KCE, is obtained from the assembly of those of the two SEs:129

130

KCE = A (KSE1 , KSE2) . (9)

Similarly, if a matrix crack occurs on the bottom ply element, the element can be par-131

titioned and integrated using the same procedure above, where the floating DoFs on the132

bottom edges would be utilized to form the SEs accordingly. Simultaneous matrix cracks133
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on top and bottom ply elements can be represented with suitable floating DoFs and corre-134

sponding partitions. This is however not relevant in this study, as the migration process135

involves the matrix cracks only in the middle 60◦ ply-block.136

2.4. Laminate element137

With the ply and cohesive elements defined in the previous sections, a laminate element138

can be formed, such that ply and cohesive elements are SEs of the laminate element (Fig-139

ure 7). The definition of connectivities of the SEs is detailed in [15] and it is omitted here140

for brevity. Note that all the SEs are within the same laminate element, facilitating the141

exchange of information between different SEs. In addition, the use of such a laminate ele-142

ment greatly reduces the effort of preprocessing. The layup and ply thickness are defining143

parameters of this element, and they do not need to be reflected in the mesh.144

2.5. Crack propagation145

With the edge connectivity available for each element, an edge status variable approach146

is developed for the modelling of cohesive crack propagations in FNM. A list of all the edges147

is created, where a status variable, µ, and a coordinates vector, xc, are allocated to every148

edge. µ stores the current status of the edge, i.e., intact, hosting a crack tip, or already149

at the wake of the crack tip. xc stores the coordinates of the crack node on the edge. An150

element only needs to read a fixed amount of information to propagate a crack, i.e., the151
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Figure 8: A mininum spacing between matrix cracks ensures the continuity of crack propagations.

edge status variables of its own edges, regardless of the total number of cracks in the mesh.152

Details of this can be found in [15].153

After a crack has crossed an element and the element has been partitioned, neighbouring154

cracks may again reach the boundary of the element (see Figure 8a). Ideally, the finite155

element mesh should be fine enough such that intact elements always exist between every156

two matrix cracks (i.e., the stress field and the strain energy between two existing matrix157

cracks are insufficient to drive a new matrix crack between them [14]), and the situation in158

Figure 8a should not occur. In this work, the situation in Figure 8a is numerically eliminated159

by setting a minimum spacing parameter (∆) between two neighbouring matrix cracks (see160

8b). ∆ should be just large enough to avoid the situation in Figure 8a and small enough so161

that a reasonable density of matrix cracks could still be represented. In this study, ∆ is set162

to be twice the typical element size in the mesh.163

2.6. Failure theories164

Since the problem of this study contains only matrix failure and delamination, the choice165

of fibre failure theory is irrelevant. The matrix failure onset is determined by the quadratic166

interactive criterion based on the normal and shear tractions on the matrix crack surface.167

Once the matrix failure onset occurs, the element is partitioned such that a cohesive SE168
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Figure 9: Finite element model of the migration experiment in Figure 2.

models the cohesive crack in the element domain, as detailed in Section 2.2. The failure169

onset of this cohesive SE is determined by the same quadratic interactive criterion as the170

one for matrix failure onset. The damage evolution of the cohesive SE follows a mixed-mode171

(power-law) bilinear cohesive law.172

Similarly to matrix cracking, delamination onset in the cohesive elements and SEs is de-173

termined by the same quadratic interactive criterion as the one for matrix failure onset. The174

damage evolution in delamination also follows the same mixed-mode (power-law) bilinear175

cohesive law as the one for matrix damage evolution.176

Note that no specific criterion for delamination migration is used in this work. Delam-177

ination migration, if predicted, would be the result of the joining of a matrix crack with178

delamination.179
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3. Finite Element Model180

The finite element model of the migration experiment in Figure 2 is built in the commer-181

cial finite element software Abaqus. It is depicted in Figure 9. The model is composed of182

three parts, i.e., a middle ply-block (of layup [0/T/604/0], ‘T’ denotes the pre-crack) within183

which the entire migration event occurs, and two supporting ply-blocks above and below184

the middle ply-block. The two supporting ply-blocks are each modelled within a single layer185

of reduced-integration solid elements using the classical lamination theory. No damage or186

failure is considered in the supporting ply-blocks. The middle ply-block is modelled with187

a single layer of FNM laminate element (see Section 2.4), implemented as a user-defined188

element. The three parts are joined together using tie constraints. The clamping boundary189

conditions are modelled using the approach in [8], where the clamps are explicitly modelled190

(here as rigid bodies) and frictional contacts (assuming Coulomb’s law, with a coefficient of191

friction of 0.23 [8]) are defined between the clamps and the specimen (see more details in192

[8]). The element size is 0.5 mm × 0.5 mm in the fine-mesh region in Figure 9. The mate-193

rial properties and parameters used in the model are summarized in Table 1. The analysis194

method is implicit, with non-default solver control parameters to achieve convergence (see195

details in the appendix of ref. [15]).196

4. Results197

4.1. Baseline case: L/a0 = 1198

The experiments in [7] showed results for different L/a0 ratios. The predictions for the199

baseline case, i.e., L/a0 = 1, are presented in this section. The predicted failure patterns200

are shown in Figure 10. The post-processing is done with the open-source visualisation201

software ParaView. The blue-coloured strips represent matrix cracks in the ply elements,202

and the red-coloured regions represent delamination on the interface. d is the damage203

variable of the cohesive law, defined as the percentage of the stiffness degradation (i.e.,204
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Table 1: Material properties & parameters used in the finite element model[7, 8].

Property Value
Longitudinal Young’s modulus: E1 (GPa) 161
Transverse Young’s modulus: E2, E3 (GPa) 11.38
Shear modulus: G12, G13 (GPa) 5.17
Shear modulus: G23 (GPa) 3.98
Poisson’s ratio: ν12, ν13 0.32
Poisson’s ratio: ν23 0.44
Transverse tensile strength: τ c

n (MPa) 60
Intralaminar shear strength: τ c

t , τ
c
` (MPa) 90

Interfacial normal strength: τ c
n (MPa) 60

Interfacial shear strength: τ c
t , τ

c
` (MPa) 90

Mode I matrix/interfacial fracture toughness: Gnc (kJ/m2) 0.21
Mode II matrix/interfacial fracture toughness: Gtc, G`c (kJ/m2) 0.77
Power-law exponent for mixed-mode fracture: α 1 (assumed)
Penalty stiffness of cohesive elements: Kn, K`, Kt (N/mm3) 1.6× 105 [46]
Minimum crack spacing: ∆ (mm) 1

d = 1 represents total failure and d > 0 represents damage onset in the cohesive element).205

dmatrix is the damage variable for the cohesive elements representing matrix cracks (i.e., the206

cohesive SEs of partitioned ply elements in Section 2.2), and dinterf is that for the cohesive207

elements on the interface. The partitions of the cohesive elements on the interface (i.e.,208

Figure 6b) are not explicitly plotted and the original element geometry with the average209

dinterf of their SEs are shown, hence the staggered delamination fronts in Figure 10. It210

can be seen that delamination originally propagates along the lower, pre-cracked interface211

(Figure 10a), and then migrates onto the upper interface through multiple matrix cracks212

across the width of the laminate (Figure 10b). In addition, the matrix damage patterns with213

non-zero damage variables (i.e., dmatrix > 0) clearly show numerous kinking attempts before214

the final occurrence of migration. The predicted delamination and matrix damage patterns215

are compared against the experimental X-Ray image in Figure 11a. The predicted patterns216

show a similar amount of kinking events as that in the X-Ray image, and the relative position217

between the front and rear side migrations (denoted by ‘F’ and ‘R’ respectively) are well218
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migration (dinterf = 1).

Figure 10: Simulation results of the baseline case L/a0 = 1.

predicted. However, the exact locations of migration on the two sides of the laminate are219

predicted only reasonably, i.e., they are predicted to be slightly further away from the pre-220

crack than those in the experiments. The predicted load-displacement curve is compared221

against the experimental curve in [7] in Figure 11b. The predicted stiffness and ultimate load222

are in good agreement with the experimental ones. The load-drop is predicted to be caused223

by the failure of many cohesive elements on the lower interface in a few increments, which224

corresponds well to the unstable propagation of delamination observed in the experiment225

[7]. The part of the curve after the load-drop is slightly under-predicted by the model.226

4.2. Cases with different load offsets227

In this section, the results for two cases with different load offsets, i.e., L/a0 = 0.35228

and L/a0 = 1.1 respectively, are presented. The predicted patterns are compared against229

X-Ray images in Figure 12. The effect of the different load offsets is predicted, where a230
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Figure 11: Baseline simulation vs. experiment.

larger L/a0 leads to longer delamination propagation and a more delayed migration onset.231

This compares favorably to the experimental observation in [7]. Similarly as in the baseline232

case, the migration is predicted to be caused by different matrix cracks across the width233

of the laminate, and the exact locations of migration are all predicted to be further away234

from the pre-crack front than those in the X-Ray images. The predicted load-displacement235

curves of the two cases are compared against the experimental ones in Figure 13. In the236

case of L/a0 = 0.35, good agreement is obtained on both the stiffness and the ultimate load.237

In the case of L/a0 = 1.1, the stiffness is accurately predicted, but the ultimate load is238

over-predicted by approximately 21%. The sharp load-drop is caused by the simultaneous239

failure of a large number of cohesive elements on the lower interface. This agrees well with240

the experimental observation of the unstable propagation of delamination [7]. In both cases,241

and similarly as in the baseline case, the post load-drop parts of the curves are slightly242

under-predicted.243
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(b) Case L/a0 = 1.1

Figure 12: X-Ray images [7] vs. simulated patterns (dmatrix > 0, dinterf = 1); ‘F’ and ‘R’ denote the locations
of migration on the front and rear sides of the laminate, respectively.
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Figure 13: Predicted load-displacement curves vs. experimental ones [7].
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Figure 14: Final failure patterns (dmatrix = 1, dinterf = 1) of the baseline case with standard, unpartitioned
cohesive elements on the interface (see Figure 10b for comparison).

4.3. Baseline case with standard cohesive elements on the interface244

In this section, the baseline case in Section 4.1 is revisited. Instead of using the partition-245

able cohesive elements in Section 2.3 on the interface, standard cohesive elements are used246

for the modelling of delamination. In other words, the partition of the cohesive element247

with respect to matrix cracks (see Figure 6b) is suppressed to investigate its importance248

for the prediction of delamination migration. The predicted failure patterns are shown in249

Figure 14. It can be seen that despite the multiple events of kinking, delamination remains250

on the lower interface without migration throughout the course of loading.251

5. Discussion252

The predicted results in Section 4.1 and Section 4.2 are in good agreement with the253

experimental results, capturing the complexity of the migration process in angle-ply lam-254

inates observed experimentally by Pernice et al. [7]. However, the results show that the255

predicted migration events appear slightly later in the course of delamination than those256

in the experiments [7] (see Figure 11a and Figure 12). There could be several reasons for257

this slight difference. Firstly, delamination migration is modelled here as the coalescence258

of failed cohesive SEs in the ply and those on the interfaces, joining together naturally in259

a stair-case pattern. No specific migration criterion is employed at the delamination front.260

A more accurate approach would be to calculate precisely the energy release rates at the261

delamination front along different potential fracture paths and determine the one with the262
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least resistance, as done in [8]. In addition, the kinking matrix crack in the migration is263

here approximated by a vertical cohesive SE. A more accurate approach would be to model264

this kinking matrix crack as a series of inclined matrix cracks, propagating gradually from265

the lower interface to the upper interface in a curved manner as done in [8]. However, im-266

plementing the accurate evaluation of energy release rates at the delamination front and267

propagating the kinking crack incrementally in a curved geometry, without comprimising268

the generality of the method for generic loading conditions, is non-trivial.269

In the predicted load-displacement curves in Figure 11b and Figure 13, the post load-drop270

curves are slightly under-predicted by the model. Although this part of the curve is generally271

of little practical interest, it does however correlate to the experimental observation that a272

significant amount of fibre-bridging exists along with the delamination [7]. As the toughening273

mechanism of fibre-bridging is not considered in the cohesive laws for delamination, the274

model under-predicts the residual response of the laminate after the load-drop. Note that the275

neglect of fibre-bridging in the model could also contribute to the slightly delayed migration276

onset in the simulation, as a toughened lower interface would have made the migration path277

relatively more favourable for fracture.278

In the case of L/a0 = 1.1 in Section 4.2, the predicted ultimate load is 21% higher than279

the experimental one (see Figure 13b), while such an over-prediction is not observed on the280

other two cases (ref Figure 11b and Figure 13a). This could be due to the relatively coarse281

mesh in the thickness direction of the finite element model (Figure 9), which is insufficient282

to represent the more complicated stress field through the thickness direction in the case283

of L/a0 = 1.1 than in the cases of L/a0 = 0.35 (i.e., a modified double-cantilever-beam284

bending) and L/a0 = 1 (i.e., Mode I loading on pre-crack tip). A more accurate prediction285

could be obtained through mesh refinement in the thickness direction. However, such a286

refinement would come with a greatly increased computational cost.287

In Section 4.3, the model with standard cohesive elements on the interface is used to288
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(c) Modelling of the migration
with partitioned cohesive ele-
ments on the interface.

Figure 15: Difference between standard cohesive element and FNM cohesive element on the modelling of
migration: standard cohesive elements introduce artificial crack tips on the regions marked with ‘A’ and ‘B’
(red color indicates failure of elements).

simulate the problem in Section 4.1. It fails to predict the occurrence of delamination mi-289

gration, despite the appearance of several totally-failed kinking cracks in the simulation.290

This result confirms the previous finding that standard cohesive elements on the interface291

cannot model accurately the interplay between delamination and matrix cracking [14, 22].292

It demonstrates that partitioning the cohesive element with respect to matrix cracks (see293

Figure 6b) is the determing factor in predicting the phenomenon of delamination migration.294

Figure 15 illustrates the difference between the standard cohesive elements and the FNM295

cohesive elements on the modelling of delamination migration. The standard cohesive ele-296

ments, once failed, would introduce artificial crack tips on the regions marked with ‘A’ and297

‘B’ (Figure 15b). The artefact at ‘A’ could cause the delamination to continue on the lower298

interface without migration (as it is seen in Section 4.3), and that at ‘B’ could lead the up-299

per delamination to propagate towards the wrong direction. These artefacts are mitigated300

by the FNM cohesive elements, as the FNM formulation allows the cohesive elements to301

partition into SEs with respect to the matrix crack. In the FNM, the cohesive elements,302

when failing, join up with the matrix crack in a conforming manner, thereby reproducing303

the migration without introducing artefacts in ‘A’ and ‘B’ (Figure 15c).304
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6. Conclusions305

In this work, the delamination migration phenomena in angle-ply laminates observed306

in the experiments by Pernice et al. [7] are studied numerically using the Floating Node307

Method (FNM). Complex phenomena such as the numerous kinking attempts and the mul-308

tiple locations of migration across the width of the laminate are successfully predicted. The309

effect of load offset on the locations of migration is also captured. In addition, it is shown310

that, by using standard cohesive elements on the interface, one cannot capture migration,311

and that partitioning the interface cohesive element with respect to matrix cracks is critical312

for successfully predicting delamination migration.313
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