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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. Introduction

Delamination is one of the most critical failure mechanisms in composite laminates.
While delamination usually initiates on an interface between two dissimilar plies, its propa-

gation is often complicated by delamination migration, i.e., the phenomenon of delamination
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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 matrix
crack (see Figure la) [1]. This is particularly pertinent in the case of low-velocity impact
(see Figure 1b) [2].

Considerable experimental research has been dedicated to the study of delamination
migration [1, 3-7]. In particular, Ratcliffe et al. [1, 6] designed an experiment to isolate the
entire process of a single delamination migration event and examined its driving mechanisms
in cross-ply tape laminates (Figure 2 with # = 90°). In their experiments, the delamination
propagated along the lower, 0°/90° interface until a single, through-the-width matrix crack
in the 90° plies caused the migration of the delamination onto the upper, 90°/0° interface.
In addition, the effect of the load offset with respect to the crack tip location (i.e., the value
of L/ay in Figure 2) was examined. It is found that this offset determines the initial shear
sign in front of the crack tip and dictates the eventual location of delamination migration [1].
Since then, several modelling works have been reported to study the delamination migration
in cross-ply tape laminates using different modelling methods [8—11].

The laminates in actual structures are rarely cross-ply ones. Promising results have
been obtained on the study of delamination migration in angle-ply laminates using the
XFEM-CE method (a method combining the extended finite element method (XFEM) with
cohesive element (CE) [12]), where migration starts right from the tip of the pre-crack and

is accomplished by a continuous matrix crack across the ply width [12, 13]. Recently, the
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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 more
generic angle-ply laminates in [7]. It is found that the migration processes can be more
complicated than those in the simpler cross-ply laminates in [1, 6] and the angle-ply ones in
[12, 13]. Figure 3 shows the X-Ray image of the upper arm of a specimen from Pernice et
al. [7] with # = 60°. Firstly, many kinking events (defined as the turning of delamination
into the 60° ply [7]) are observed prior to the eventual migration. Secondly, the migration
cannot be represented by a single matrix crack in the 60° ply; instead, it is represented by
multiple matrix cracks across the width of the 60° ply.

To the authors’ knowledge, the complex migration characteristics of angle-ply laminates
observed by Pernice et al. [7], i.e., multiple kinking events before the eventual migration
and different migration locations across the specimen width, have yet to be predicted by

numerical modelling. Recently, a Floating Node Method (FNM) [8, 14, 15] has been devel-
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oped to model complex cracking patterns in composites. It has origins from the Hansbo’s
method [16] and its variants [17-22]. When it comes to modelling crack propagations, the
above-mentioned methods, together with many others such as the meshless methods [23-27],
the XFEM-based methods [12, 28-33], the phase-field method [34-37] and the thick level-set
method [38-41], all belong to the broad family of methods which do not rely on remeshing.
This paper presents the modelling of the above-mentioned delamination migration phenom-
ena, using the FNM. The effect of the load offset (i.e., L/ag in Figure 2) is also examined.
This work also tries to shed light on the immediate applicability of the standard cohesive
elements (which have been so successfully used for the modelling of delamination [42-52])
for the modelling of delamination migration.

The structure of the paper is organised as follows. The background of the FNM is
presented in Section 2, followed by the finite element model in Section 3 and the results in
Section 4. Discussions of the results are presented in Section 5, and finally the conclusions

are drawn in Section 6.

2. Background of the Floating Node Method for composites

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

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

paper.

2.1. Edge connectivity and floating DoF

In the FNM, the definition of an element is enriched to include both node connectivity
and edge connectivity, where the global indices of the nodes and edges of an element are
recorded according to an ordered convention (Figure 4a and 4b). In addition to allocating
DoFs to the nodes, DoFs are also allocated to the edges (and, in general, to element entities

such as surfaces and volumes). In contrast to the nodal DoFs, the DoFs of edges are called
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nodes and edges.

Figure 4: Edge connectivity and floating DoF.

floating DoFs. Floating DoFs can be freely allocated to any geometrical entity, and be used to
represent the DoF of an arbitrary node on this entity, the location of which may not be known
a priori. Details of the 2D FNM elements for the modelling of matrix crack/delamination
interaction problems can be found in [8, 14], and those of the 3D FNM for the modelling

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

2.2. Ply element

A ply element can be constructed with the FNM, such that a matrix crack can be
modelled within its domain. Figure 5a shows the node, edge and DoF definitions of this
element. In this paper, matrix cracks are approximated to be vertical.

Before matrix cracking, the static equilibrium of a body with volume €2 under body forces
with density f (acting on 2) and traction t acting on the boundary I'y can be expressed in

the weak form as:

/Q eT(v) o (u) dQ = /Q vIFdQ + [ vTtdr (1)

T
where u is the displacement solution, v is the test function, € is the strain tensor (related to
u through the differential operator relative to Cartesian coordinates £, as € = L(u)), and
o is the stress tensor (related to the strains through Hooke’s law as o = De, with D being
the constitutive tensor). In this case (i.e., before matrix cracking), the ply element is simply

a standard linear brick element. The crack nodes do not exist yet, and the floating DoFs
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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 of
the commercial software Abaqus, the stiffness terms of the unused floating DoFs are all set
to zero. Note that the Abaqus solver is able to remove these zero rows and columns from
the global stiffness matrix, hence the unused floating DoFs effectively do not play a part in
the solution process.

If a certain failure criterion or propagation criterion is met, then a matrix crack initiates
or propagates (respectively) within the element domain. Assuming that the matrix crack is
a cohesive crack, the weak form of the equilibrium equation now becomes:

/QAUQBGT(V) o (u) dQ + /1“0 [v]" . ([u]) AT :/Q vIFdO + [ vTtdr (2)

AUQB I'y

where [e] represents the jump of a variable between the top and bottom surfaces of the
cohesive crack, and T, is the traction acting between the surfaces of the cohesive crack. T

relates to the separation of the top and bottom surfaces of the cohesive crack, [u], through
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a constitutive relationship of the form:

T = DCE [[11]] (3)

where Dcg is the cohesive constitutive tensor.

Supposing that the matrix crack cuts across four edges of the element, for instance, Edge
1, Edge 3, Edge 5 and Edge 7, then it creates four pairs of initially coinciding crack nodes,
¢, oy, ¢& and ¢y, on the four edges, respectively (Figure 5b). The coordinates of the
crack nodes are the intersections of the crack and the edges. The matrix crack partitions
the original domain €2 into two subdomains, €24 and g, with I'¢ being the crack interface.
Three Sub-Elements (SEs) can be formed, such that they represent the two bulk subdomains
Q and Qp and the cohesive crack I'¢. Note that the nodal coordinates of these SEs are fully
defined by the original nodes and crack nodes [15]. With the floating DoF sets allocated to
represent the displacements of the crack nodes, the DoF vectors (i.e., qq,,day, dre) of the

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

displacement solution is:

Ng, (x , if x € Qg
NQB (X) (e ToT ifx e QB:
with

[u] (x) = Nr.. (x) qr, if x € T'¢, (5)

where Ng,, Ng, and N, are the standard finite element shape function matrices (in
physical coordinates) of the elements defined by 24, g and ['c, respectively. The stiffness
matrices (i.e., Kq,, Kq,, Kr.) and force vectors (i.e., Qq,, Qqag, Qr.) of the SEs can be

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

Kel el = Qel (6)
with:
Kel = A (KQA7 KQBa KFC) ) (7)
Qel = A (qQA7 q0g ch) )

Qel = A(QQAaQQB7QFc)7

where A is the assembly operator.

2.3. Cohesive element

Previous studies have shown that the explicit modelling of matrix crack boundaries on
the interfaces is needed for the accurate prediction of matrix crack/delamination interaction
(14, 22]. In 3D laminates, matrix cracks may occur on both sides of the interface. In
order to capture the stress concentrations induced by both matrix cracks, a partitionable
cohesive element is formulated. It consists of two initially coinciding surfaces, with suitable
connectivities for both its nodes and its edges. A pair of floating DoF sets are allocated to
cach edge of the element (Figure 6a).

Before any matrix crack appearing from the top or bottom ply element, the cohesive
element is a standard 8-node linear cohesive element and the floating DoFs are not used.

If a matrix crack occurs on the top ply element (Figure 6b), then it creates two pairs of
initially coinciding crack nodes on these edges, i.e., c$ and c\j?H, respectively. Two auxiliary
nodes which initially coincide with the crack nodes can also be defined and located on
the bottom surface of the cohesive element, ie., ¢; and ¢ip. These nodes allow the nodal
coordinates of the SEs, in this case SE; and SE, (see Figure 6b), to be defined. With the
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(b) The FNM cohesive element can be partitioned with respect to a matrix crack from a neigh-
bouring ply.

Figure 6: A partitionable cohesive element by the FNM.

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

The separation at location x, [u] (x), is:

Nsg, (%) qsg,, if x € Qsg,,
[u] (x) = | ®)

Nsg, (X) asg,, if x € Qgg,,
where Ngg, and Ngg, are shape function matrices (in physical coordinates) of the cohesive
SEs on SE; and SE,, respectively. The stiffness matrices of the two SEs, Kgg, and Kgg,,

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

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

Kcp = A(Ksg,, Ksg,) . (9)

Similarly, if a matrix crack occurs on the bottom ply element, the element can be par-
titioned and integrated using the same procedure above, where the floating DoFs on the

bottom edges would be utilized to form the SEs accordingly. Simultaneous matrix cracks
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on top and bottom ply elements can be represented with suitable floating DoFs and corre-
sponding partitions. This is however not relevant in this study, as the migration process

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

2.4. Laminate element

With the ply and cohesive elements defined in the previous sections, a laminate element
can be formed, such that ply and cohesive elements are SEs of the laminate element (Fig-
ure 7). The definition of connectivities of the SEs is detailed in [15] and it is omitted here
for brevity. Note that all the SEs are within the same laminate element, facilitating the
exchange of information between different SEs. In addition, the use of such a laminate ele-
ment greatly reduces the effort of preprocessing. The layup and ply thickness are defining

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

2.5. Crack propagation

With the edge connectivity available for each element, an edge status variable approach
is developed for the modelling of cohesive crack propagations in FNM. A list of all the edges
is created, where a status variable, u, and a coordinates vector, x., are allocated to every
edge. p stores the current status of the edge, i.e., intact, hosting a crack tip, or already
at the wake of the crack tip. x. stores the coordinates of the crack node on the edge. An

element only needs to read a fixed amount of information to propagate a crack, i.e., the
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edge status variables of its own edges, regardless of the total number of cracks in the mesh.
Details of this can be found in [15].

After a crack has crossed an element and the element has been partitioned, neighbouring
cracks may again reach the boundary of the element (see Figure 8a). Ideally, the finite
element mesh should be fine enough such that intact elements always exist between every
two matrix cracks (i.e., the stress field and the strain energy between two existing matrix
cracks are insufficient to drive a new matrix crack between them [14]), and the situation in
Figure 8a should not occur. In this work, the situation in Figure 8a is numerically eliminated
by setting a minimum spacing parameter (A) between two neighbouring matrix cracks (see
8b). A should be just large enough to avoid the situation in Figure 8a and small enough so
that a reasonable density of matrix cracks could still be represented. In this study, A is set

to be twice the typical element size in the mesh.

2.6. Failure theories

Since the problem of this study contains only matrix failure and delamination, the choice
of fibre failure theory is irrelevant. The matrix failure onset is determined by the quadratic
interactive criterion based on the normal and shear tractions on the matrix crack surface.

Once the matrix failure onset occurs, the element is partitioned such that a cohesive SE
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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 failure
onset of this cohesive SE is determined by the same quadratic interactive criterion as the
one for matrix failure onset. The damage evolution of the cohesive SE follows a mixed-mode
(power-law) bilinear cohesive law.

Similarly to matrix cracking, delamination onset in the cohesive elements and SEs is de-
termined by the same quadratic interactive criterion as the one for matrix failure onset. The
damage evolution in delamination also follows the same mixed-mode (power-law) bilinear
cohesive law as the one for matrix damage evolution.

Note that no specific criterion for delamination migration is used in this work. Delam-
ination migration, if predicted, would be the result of the joining of a matrix crack with

delamination.
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3. Finite Element Model

The finite element model of the migration experiment in Figure 2 is built in the commer-
cial finite element software Abaqus. It is depicted in Figure 9. The model is composed of
three parts, i.e., a middle ply-block (of layup [0/T/60,/0], ‘T denotes the pre-crack) within
which the entire migration event occurs, and two supporting ply-blocks above and below
the middle ply-block. The two supporting ply-blocks are each modelled within a single layer
of reduced-integration solid elements using the classical lamination theory. No damage or
failure is considered in the supporting ply-blocks. The middle ply-block is modelled with
a single layer of FNM laminate element (see Section 2.4), implemented as a user-defined
element. The three parts are joined together using tie constraints. The clamping boundary
conditions are modelled using the approach in [8], where the clamps are explicitly modelled
(here as rigid bodies) and frictional contacts (assuming Coulomb’s law, with a coefficient of
friction of 0.23 [8]) are defined between the clamps and the specimen (see more details in
[8]). The element size is 0.5 mm x 0.5 mm in the fine-mesh region in Figure 9. The mate-
rial properties and parameters used in the model are summarized in Table 1. The analysis
method is implicit, with non-default solver control parameters to achieve convergence (see

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

4. Results

4.1. Baseline case: L/ag =1

The experiments in [7] showed results for different L/ag ratios. The predictions for the
baseline case, i.e., L/ag = 1, are presented in this section. The predicted failure patterns
are shown in Figure 10. The post-processing is done with the open-source visualisation
software ParaView. The blue-coloured strips represent matrix cracks in the ply elements,
and the red-coloured regions represent delamination on the interface. d is the damage

variable of the cohesive law, defined as the percentage of the stiffness degradation (i.e.,

13
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Table 1: Material properties & parameters used in the finite element model[7, 8].

Property Value
Longitudinal Young’s modulus: E; (GPa) 161
Transverse Young’s modulus: Es, E3 (GPa) 11.38

Shear modulus: Gig, G13 (GPa) 5.17

Shear modulus: Gy3 (GPa) 3.98
Poisson’s ratio: vqs, V13 0.32
Poisson’s ratio: 143 0.44
Transverse tensile strength: 7¢ (MPa) 60
Intralaminar shear strength: 7°, 77 (MPa) 90
Interfacial normal strength: 7¢ (MPa) 60
Interfacial shear strength: 7°, 77 (MPa) 90

Mode I matrix/interfacial fracture toughness: Gy (kJ/m?) 0.21

Mode II matrix/interfacial fracture toughness: Gy, G (kJ/m?)  0.77
Power-law exponent for mixed-mode fracture: « 1 (assumed)
Penalty stiffness of cohesive elements: K, Ky, K; (N/mm?) 1.6 x 10° [46]
Minimum crack spacing: A (mm) 1

d = 1 represents total failure and d > 0 represents damage onset in the cohesive element).
dmatrix 1S the damage variable for the cohesive elements representing matrix cracks (i.e., the
cohesive SEs of partitioned ply elements in Section 2.2), and diyes is that for the cohesive
elements on the interface. The partitions of the cohesive elements on the interface (i.e.,
Figure 6b) are not explicitly plotted and the original element geometry with the average
dinters Of their SEs are shown, hence the staggered delamination fronts in Figure 10. It
can be seen that delamination originally propagates along the lower, pre-cracked interface
(Figure 10a), and then migrates onto the upper interface through multiple matrix cracks
across the width of the laminate (Figure 10b). In addition, the matrix damage patterns with
non-zero damage variables (i.e., dpauix > 0) clearly show numerous kinking attempts before
the final occurrence of migration. The predicted delamination and matrix damage patterns
are compared against the experimental X-Ray image in Figure 11a. The predicted patterns
show a similar amount of kinking events as that in the X-Ray image, and the relative position

between the front and rear side migrations (denoted by ‘F’ and ‘R’ respectively) are well
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Figure 10: Simulation results of the baseline case L/ag = 1.

predicted. However, the exact locations of migration on the two sides of the laminate are
predicted only reasonably, i.e., they are predicted to be slightly further away from the pre-
crack than those in the experiments. The predicted load-displacement curve is compared
against the experimental curve in [7] in Figure 11b. The predicted stiffness and ultimate load
are in good agreement with the experimental ones. The load-drop is predicted to be caused
by the failure of many cohesive elements on the lower interface in a few increments, which
corresponds well to the unstable propagation of delamination observed in the experiment

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

4.2. Cases with different load offsets

In this section, the results for two cases with different load offsets, i.e., L/ag = 0.35
and L/ag = 1.1 respectively, are presented. The predicted patterns are compared against

X-Ray images in Figure 12. The effect of the different load offsets is predicted, where a
15
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the locations of migration on the front and rear

sides of the laminate, respectively.

Figure 11: Baseline simulation vs. experiment.

larger L/ag leads to longer delamination propagation and a more delayed migration onset.
This compares favorably to the experimental observation in [7]. Similarly as in the baseline
case, the migration is predicted to be caused by different matrix cracks across the width
of the laminate, and the exact locations of migration are all predicted to be further away
from the pre-crack front than those in the X-Ray images. The predicted load-displacement
curves of the two cases are compared against the experimental ones in Figure 13. In the
case of L/ag = 0.35, good agreement is obtained on both the stiffness and the ultimate load.
In the case of L/ag = 1.1, the stiffness is accurately predicted, but the ultimate load is
over-predicted by approximately 21%. The sharp load-drop is caused by the simultaneous
failure of a large number of cohesive elements on the lower interface. This agrees well with
the experimental observation of the unstable propagation of delamination [7]. In both cases,
and similarly as in the baseline case, the post load-drop parts of the curves are slightly

under-predicted.
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Figure 14: Final failure patterns (dmatrix = 1, dintert = 1) of the baseline case with standard, unpartitioned
cohesive elements on the interface (see Figure 10b for comparison).

4.83. Baseline case with standard cohesive elements on the interface

In this section, the baseline case in Section 4.1 is revisited. Instead of using the partition-
able cohesive elements in Section 2.3 on the interface, standard cohesive elements are used
for the modelling of delamination. In other words, the partition of the cohesive element
with respect to matrix cracks (see Figure 6b) is suppressed to investigate its importance
for the prediction of delamination migration. The predicted failure patterns are shown in
Figure 14. It can be seen that despite the multiple events of kinking, delamination remains

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

5. Discussion

The predicted results in Section 4.1 and Section 4.2 are in good agreement with the
experimental results, capturing the complexity of the migration process in angle-ply lam-
inates observed experimentally by Pernice et al. [7]. However, the results show that the
predicted migration events appear slightly later in the course of delamination than those
in the experiments [7] (see Figure 1la and Figure 12). There could be several reasons for
this slight difference. Firstly, delamination migration is modelled here as the coalescence
of failed cohesive SEs in the ply and those on the interfaces, joining together naturally in
a stair-case pattern. No specific migration criterion is employed at the delamination front.
A more accurate approach would be to calculate precisely the energy release rates at the

delamination front along different potential fracture paths and determine the one with the
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288

least resistance, as done in [8]. In addition, the kinking matrix crack in the migration is
here approximated by a vertical cohesive SE. A more accurate approach would be to model
this kinking matrix crack as a series of inclined matrix cracks, propagating gradually from
the lower interface to the upper interface in a curved manner as done in [8]. However, im-
plementing the accurate evaluation of energy release rates at the delamination front and
propagating the kinking crack incrementally in a curved geometry, without comprimising
the generality of the method for generic loading conditions, is non-trivial.

In the predicted load-displacement curves in Figure 11b and Figure 13, the post load-drop
curves are slightly under-predicted by the model. Although this part of the curve is generally
of little practical interest, it does however correlate to the experimental observation that a
significant amount of fibre-bridging exists along with the delamination [7]. As the toughening
mechanism of fibre-bridging is not considered in the cohesive laws for delamination, the
model under-predicts the residual response of the laminate after the load-drop. Note that the
neglect of fibre-bridging in the model could also contribute to the slightly delayed migration
onset in the simulation, as a toughened lower interface would have made the migration path
relatively more favourable for fracture.

In the case of L/ag = 1.1 in Section 4.2, the predicted ultimate load is 21% higher than
the experimental one (see Figure 13b), while such an over-prediction is not observed on the
other two cases (ref Figure 11b and Figure 13a). This could be due to the relatively coarse
mesh in the thickness direction of the finite element model (Figure 9), which is insufficient
to represent the more complicated stress field through the thickness direction in the case
of L/ag = 1.1 than in the cases of L/ag = 0.35 (i.e., a modified double-cantilever-beam
bending) and L/ag =1 (i.e., Mode I loading on pre-crack tip). A more accurate prediction
could be obtained through mesh refinement in the thickness direction. However, such a
refinement would come with a greatly increased computational cost.

In Section 4.3, the model with standard cohesive elements on the interface is used to
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migration [1]. with standard cohesive elements with partitioned cohesive ele-
on the interface. 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-
gration, despite the appearance of several totally-failed kinking cracks in the simulation.
This result confirms the previous finding that standard cohesive elements on the interface
cannot model accurately the interplay between delamination and matrix cracking [14, 22].
It demonstrates that partitioning the cohesive element with respect to matrix cracks (see
Figure 6b) is the determing factor in predicting the phenomenon of delamination migration.
Figure 15 illustrates the difference between the standard cohesive elements and the FNM
cohesive elements on the modelling of delamination migration. The standard cohesive ele-
ments, once failed, would introduce artificial crack tips on the regions marked with ‘A’ and
‘B’ (Figure 15b). The artefact at ‘A’ could cause the delamination to continue on the lower
interface without migration (as it is seen in Section 4.3), and that at ‘B’ could lead the up-
per delamination to propagate towards the wrong direction. These artefacts are mitigated
by the FNM cohesive elements, as the FNM formulation allows the cohesive elements to
partition into SEs with respect to the matrix crack. In the FNM, the cohesive elements,
when failing, join up with the matrix crack in a conforming manner, thereby reproducing

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

20



305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

6. Conclusions

In this work, the delamination migration phenomena in angle-ply laminates observed
in the experiments by Pernice et al. [7] are studied numerically using the Floating Node
Method (FNM). Complex phenomena such as the numerous kinking attempts and the mul-
tiple locations of migration across the width of the laminate are successfully predicted. The
effect of load offset on the locations of migration is also captured. In addition, it is shown
that, by using standard cohesive elements on the interface, one cannot capture migration,
and that partitioning the interface cohesive element with respect to matrix cracks is critical

for successfully predicting delamination migration.
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