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Abstract

In the context of damage tolerance for aeronautical structures, substantial research has fo-
cused on simulating skin-stiffener separation in stiffened composite panels. This separation is
marked by unstable crack growth at the skin-stiffener interface, which can lead to structural
collapse in the post-buckled regime. Recent post-buckling tests on thermoplastic butt-joint
single stiffener panels indicate the development of delamination within the skin before crack
propagation occurs at the skin-stiffener interface. This delamination is likely triggered by
the crack extension process prior to the buckling tests, where the skin was subjected to out-
of-plane loads away from the stiffener, promoting the extension of the artificial crack at the
interface. It has been hypothesized that this delamination results from crack migration from
the skin-stiffener interface into the ply interfaces within the skin. Crack migration, which in-
volves complex interactions between delamination and matrix cracks, is crucial for improving
numerical models. For accurate prediction, these models must capture both matrix crack and
delamination interactions.

Cohesive zone models, in conjunction with the eXtended Finite Element Method (XFEM)
and cohesive elements (CE), have been employed in literature to model the interaction be-
tween matrix cracks and delamination. While previous approaches often enrich cohesive
elements using user subroutines, this thesis aims to leverage ABAQUS’s built-in methods to
model crack migration. A series of migration test simulations were conducted to evaluate
the combined XFEM and CE approach. The LaRC05 failure criterion in ABAQUS was ap-
plied to initiate inclined matrix cracks within the plies, while delamination was modeled with
standard 8-node linear cohesive elements. A three-dimensional mesoscale model of the test
specimen was developed to simulate the migration test. The LaRC05 criterion successfully
captured the orientation changes in matrix cracks due to changes in shear stress, consistent
with experimental results. However, the predicted migration distance was 2-3 times greater
than observed experimentally. A parametric study revealed that lower matrix strength and
fracture energy facilitated migration, although increasing these parameters did not result in
a consistent delay in migration, with discrepancies arising at higher values. Despite this, the
methodology demonstrated the ability to predict crack migration tendencies and is considered
suitable for structural-level applications.
Simulations of the butt-joint thermoplastic skin-stiffener panel under bending were also per-



viii

formed using a global-local modeling approach. The 19-ply skin was meshed with shell el-
ements, while the local model explicitly represented the outer two plies (45/-45) with solid
elements and the remaining 17 plies with shell elements. Three modeling approaches were
explored: (i) damage only at the skin-stiffener interface, (ii) damage at both the skin-stiffener
and ply interfaces (global-local model), and (iii) matrix cracks combined with delamination
at both interfaces (global-local model). The first two approaches predicted mode I crack ex-
tension at the skin-stiffener interface, with no interlaminar damage in the second approach.
However, the third approach using XFEM-CE predicted significant matrix cracking in the
outer ply beneath the filler material, which further initiated delamination at the 45/-45 in-
terface. This method successfully predicted delamination migration in the stiffened panel,
demonstrating its capability to capture complex damage interactions at the structural level.
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Chapter 1

Introduction

Developing lightweight solutions is one of the highest priorities in the aerospace industry. The
main reasons included fuel efficiency and increased payload capacity. Aeronautical structures
are mostly constructed using thin-walled structures. These structures are subjected to shear
or compressive forces, which often result in buckling. Traditional design philosophy and
regulations do not allow aircraft structures to buckle at limited load. Although buckling
is essentially the loss of stability of the structure, the structure is prone to failure in the
presence of damage. However, the collapse of the structure is not anticipated until the ultimate
load. Compliance with this requirement and the use of knockdown factors to compensate for
deviations in predicted loads or material properties results in thick over-designed structures.
However, allowing thin-walled structures to buckle before the limit load can lead to significant
weight savings. This comes with the challenge of ensuring structural integrity under the limit
load which calls for damage tolerant designs. Furthermore, using composite materials as
a replacement for traditional aerospace metals, due to their low strength-to-weight ratio,
has been one solution since the 1960s. Therefore, ensuring damage tolerance of composite
structures in the post-buckled state is crucial.
The most common resin system used for composites is thermoset polymers, such as epoxy.
They are characterized by low fracture toughness and fail in a brittle manner, which makes
them less desirable for damage-tolerant structures. Therefore, novel designs employ high-
performance thermoplastic resins, such as PolyEtherEtherKetone (PEEK) and PolyEtherKe-
toneKetone (PEKK), that have been characterized by higher toughness properties [18]. Car-
bon fiber/PEEK composites have higher compression after impact, indicating better impact
resistance than carbon fiber/epoxy composites. Furthermore, thermoplastic resin systems
offer shorter cure cycles and longer shelf life. The use of thermoplastic composites also allows
manufacturing techniques such as welding and over-molding of short fiber composites, making
it easier to construct fastener-free structures. Concurrent research in the use of thermoplastic
composites is aimed at developing primary structures for aeronautical applications. Ther-
moplastic Affordable Primary Aircraft Structures (TAPAS) consists of several industry and
academic partnerships, including TU Delft, that work closely to develop innovative solutions
for the application of thermoplastic composites in future aircraft. Some of the innovations in-
clude automatic tape placement, robotic welding, and integral structural configurations such
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as butt-joint stiffened panels. These innovations lead to faster production cycles, reduced
part counts, and significant weight savings.

In the context of damage tolerance, several tests have been conducted on butt-joint skin
stiffeners to examine their resistance to damage growth. One such research is related to the
crack growth in the post-buckled butt-joint skin-stringer. The most common failure mode
leading to the collapse of the post-buckled composite panels is skin-stiffener separation. This
failure mode is characterized by the unstable crack growth at the skin-stiffener interface. In
the case of damaged panels, the crack growth starts from the pre-crack present in the panel.
Internal tests were conducted on a single stiffener thermoplastic butt-joint panel with a pre-
crack at the interface of the skin and the stiffener. The experiments consisted of interrupted
loadings followed by ultrasonic scans (C-scans) to obtain images of damage propagation in
the stiffened panel. The experiments revealed that unstable crack growth at the interface was
preceded by delamination growth in the skin. The delaminations were observed at various
depths from the interface. C-scans conducted before the tests also reveal delaminations within
the skin which seem to have initiated during the crack extension process. The crack extension
process consists of an out-of-plane displacement applied on the skin forcing the extension of
the cack from the PTFE insert.

Numerical models that have been developed earlier for the analysis of the butt joint mostly
focused on the failure of the skin-stiffener interface. These models do not predict delamina-
tions in the skin due to the low-fidelity modeling approach. However, it is essential to account
for delaminations and through the thickness crack propagation for an accurate representation
of the damage process in the panel.

Crack onset and propagation are problems within fracture mechanics. Several advancements
have been made in computational fracture mechanics that can be used to model fracture pro-
cesses such as delaminations and matrix cracks in composites using finite element methods.
This thesis aims to utilize such numerical simulation methods to predict the initiation and
growth of damage in the stiffened panel that results in delaminations within the skin. Com-
putational fracture mechanics technique will be used to simulate the crack propagation (and
migration) to capture the damage process in the skin in a three-point bending simulation.

To solve the problem at the structural level, it is essential to understand damage mechanisms
in composites at smaller levels in the structural testing hierarchy. Therefore, the following
steps were taken during this thesis:

1. A Literature study was be carried out to understand the following concepts

(a) Crack growth in composites
(b) Computational fracture mechanics used in composite damage simulations
(c) Numerical methods used to predict progressive damage in stiffened panels

2. A computational fracture mechanics method was selected to model damage growth in
composite laminates

3. Methodology was tested at a coupon level and was validated with data from literature

4. A Numerical model of the stiffened panel was developed and the chosen methodology
was used to predict damage in the panel



Chapter 2

Literature Review

In this chapter, the theoretical background required for the thesis is presented. The first
section of this chapter gives an overview of the experimental studies that have been carried
out to understand crack growth mechanisms in composite laminates. The following section
covers the common computational methods used to model damage initiation and propagation
specifically in composite materials. The final section gives an overview of post-buckling studies
performed numerically that account for progressive damage growth. The objective of this
chapter is to present the literature that has been perused to identify methods suitable for the
numerical study that will be carried out in this thesis.

2.1 Damage and crack growth in composite materials

Damage in composite materials is often present as matrix cracks, delaminations, and fiber
breakage [19]. Matrix cracks in composites result from the manufacturing process due to
the differences in thermal expansion coefficient between the matrix and the fiber. The high
residual tensile stress in the matrix leads to microcracks as shown in (Figure 2.1) [20]. Larger
cracks such as delaminations in the aircraft structure are caused by impact loads such as tool
drops or runway debris. The growth of cracks in composites occurs much more easily in the
matrix due to its lower fracture toughness. Within the ply, the crack growth is arrested near
the fiber due to the higher stiffness of the fiber. At very small scales, these cracks do not
compromise the strength of the ply. However, when these plies are subjected to significant
transverse stresses the microcracks grow to a macroscopic scale which has a detrimental
effect on the ply’s strength and stiffness. The macro-crack runs through the thickness of
the ply between the fibers. At the level of a laminate, the growth of matrix cracks can be
arrested by adjacent plies that are oriented at a different angle. These matrix cracks can
continue propagating at the interface of these plies as delamination divides the plies into sub-
laminates with lower strength and stiffness. In the context of damage tolerance, the growth
of such damage can be controlled by choosing an appropriate ply stacking sequence. Hallet
et al [21] highlights the influence of the stacking sequence on the growth of damage and the
final catastrophic failure of notched composite laminates.
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Figure 2.1: Microcracks
[20]

A study on the size effect of Open Hole Tensile (OHT) strength was carried out in [21]
which describes the effect of the composite layup on crack growth through the thickness in
a notched laminate. The authors performed interrupted OHT tests to examine the damage
propagation using X-rays and C-scans. The dimensions of the test specimens were scaled in
3 levels to study the size effect on the strength of the laminate. The first level was thickness
scaling (1D); 2D scaling constituted scaling the in-plane dimensions i.e., length, width, and
hole radius; and simultaneous scaling of all dimensions was 3D scaling. The thickness of the
quasi-isotropic laminate was scaled using two methods: ply-level scaling and sub-laminate-
level scaling. The ply level scaling blocked similar plies together resulting in a layup such as
[45n/90n/ − 45n/0n]s. The sub-laminate level scaling repeated the base layup to the required
number [45/90/-45/0]ns.

The final failure of the notched laminate is classified into brittle failure, pull-out failure, or
delamination. The brittle failure consisted of fiber failure with a crack running through the
width and thickness, resulting in a flat surface of the cracked specimen. A pull-out failure
was characterized by fiber failure but significant delaminations and ply splits resulted in plies
pulling apart. The delamination-type failure consisted of delaminations running from the hole
edge to the grips of the coupon with no fiber failures. In all these cases a sequence of sub-
critical damages preceded the final failure. In the ply-level scaled specimen, the matrix cracks
were initiated in the 90◦ plies. This was followed by matrix cracks in the 45◦ and −45◦ plies.
These matrix cracks ran through the block of plies resulting in local delaminations at the hole
edge. The cracks terminated at the -45/0 interface near the 0◦ block. The matrix cracks in
the 0◦ ply occurred as splits in an asymmetric direction due to asymmetric delamination in
the -45/0 interface. Ply splits in 0◦ ply redistributed the stress delaying fiber failure.

The next stage of damage involved the formation of an inner delamination region near the
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hole edge. The matrix cracks and local delaminations formed in the previous stage interact
as the delamination region expands. The delamination propagates through the thickness by
stepping down through matrix cracks within the adjacent plies. Following this, delamination
continued to propagate across the width of the laminate in the off-axis ply interfaces. A
free-edge delamination also occurred in these interfaces. The interaction of the delamination
from the inner region and the free-edge delamination resulted in a full-width outer region
delamination. The outer delamination zone was enclosed by the matrix cracks of the off-axis
plies.

A load drop in the load-displacement curve characterizes the final catastrophic failure. The
observed mode of failure was different for the ply-level scaled specimens and sub-laminate-
level scaled specimens. In the case of sublaminate level scaling, matrix cracks, and local
delaminations are arrested by the 0◦ ply present in the outer sublaminate. Matrix cracks
occur symmetrically in this ply and delaminations are significantly restricted. Thus the final
failure is characterized by pull-out or brittle failure. The interrupted tests reveal that most of
the sub-critical damages were not visible until 95% of the failure load. However, the ply-level
scaled specimens mostly failed due to delaminations since the blocking of similar plies together
allowed the propagation of matrix cracks and delaminations. The final failure of the notched
laminate is significantly influenced by the extent to which matrix cracks and delaminations
are allowed to propagate.

The damage tolerance of a structure is assessed by the extent to which damage growth exists
at high load. In the case of composite materials, the matrix cracks can be initiated early in
the loading stage due to the low strength of the resin. The presence of matrix cracks can allow
relocation or propagation of delaminations from one interface to the other as observed in the
notched laminate. The relocation of delamination to adjacent interfaces through matrix cracks
in the off-axis plies termed delamination migration. Experimental research has been carried
out extensively to understand conditions that make it favorable for delamination migration
to occur [1],[2]. Ratcliffe et al [1] developed a test to characterize delamination migration
in cross-ply laminates. The test consists of a 44-ply carbon/epoxy composite laminate with
a PTFE insert between a 0◦ and a block of four 90◦ plies at the midplane. The layup and
geometry of the test setup are shown in Figure 2.2. The PTFE insert acts as a pre-crack and
divides the laminate into two sublaminates. The upper sublaminate consists of the transverse
plies close to the pre-crack. This sublaminate is loaded using displacement control and the
load is coincident with the pre-crack front L = a0. Where L is the distance of the load point
and a0 is the length of the pre-crack. This load introduces a local negative shear stress at
the pre-crack front resulting in the crack kinking towards the bottom sublaminate, as shown
in Figure 2.3. However, the crack is confined by the 0◦ ply present below the pre-crack.
Therefore, it is energetically favorable for the crack to propagate along the surface of the 0◦

resulting in a delamination at the 90/0 interface. As the load continues to be applied, the
delamination propagates skimming the top surface of the 0 ply up to a certain distance after
which the shear stress sign changes. Consequently, the delamination kinks towards the stack
of 90◦ plies in the upper-sublaminate resulting in a matrix crack in these plies. As the crack
propagates through the transverse plies, it is arrested by the 0◦ ply in the upper sublaminate
present above the 90◦ ply block. This is followed by the crack propagating as a delamination
on the top 0/90 interface as can be seen in Figure 2.4. In the cases where the load application
point on the sublaminate was L > ao, the migration location occurred closer to the load
application point. This is attributed to the mixed-mode loading that causes the delamination
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before the migration event. However, the sequence of damage remained consistent in every
case.

Figure 2.2: Delamination Migration Test Set-up [1]

Figure 2.3: Shear Stress sign at delamination front [2]

A similar test by Pernice et al [2] was developed for laminates with plies oriented at 60◦ and
75◦. In the case of the cross-ply laminates, the shear stress and the mixed-mode loading
are uniform across the width of the laminate. Therefore, the delamination migration occurs
at the same location across the width of the laminate. However, for other orientations, the
shear stress distribution across the width of the laminate is not uniform. The migration
event is preceded by multiple crack-kinking events. Cracks are either arrested by the top 0-
degree plies or the kinked crack fails to propagate through the θ ply stack due to energetically
unfavorable conditions. The location of migration is also different along the two lateral edges
of the specimen. The migration was observed to occur when two independently kinked cracks
within the laminate propagated to the top 0/θ interface. This is unlike the cross-ply laminate
where a single crack delaminates and propagates through the transverse plies.

The above experiments highlight the complexity involved in matrix-dominated damage in
composite laminates. The interaction of matrix cracks and delamination has been observed
in composite structures subjected to low-velocity impact. It has also been observed during
skin-stiffener separation of post-buckled panels in some cases. End-notched flexure (ENF)
experiments that were used to determine Mode II fracture toughness in angle-plied laminates
have also reported the occurrence of delamination migrating through plies due to matrix
cracks. The focus of this thesis is the progressive damage analysis of the thermoplastic
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Figure 2.4: Delamination propagation and migration [1]

butt-joint skin-stringer under post-buckling which consists of a pre-crack at the skin-stiffener
interface. Multiple delaminations have been observed before the collapse of the panel and
these may be attributed to the interaction of skin-stiffener debond and matrix cracks present in
the adjacent plies. The propagation of these cracks may have resulted in delaminations in the
structure. To ensure the damage tolerance of the thermoplastic-butt joint skin-stiffener, the
damage analysis will require high-fidelity numerical simulations that account for interactions
between intralaminar and interlaminar failure that enable the migration of delamination.
Therefore, it is necessary to identify the damage modeling technique that can capture such
interactions.

2.2 Modelling progressive failure in composites

When using finite element methods to computationally model crack initiation and propaga-
tion, it was often necessary to employ remeshing strategies. A fine mesh was needed near
the crack tip to capture the crack singularity accurately. After each increment, a new mesh
generation algorithm would be required. As the crack size increased, the size of the stiffness
matrix would also significantly increase. It’s important to note that this issue arose when
modeling crack initiation and propagation in 2D plane strain simulations of isotropic mate-
rials. Predicting failure in composite laminates is challenging due to the multi-scale nature
of composite materials and 3-dimensional stress states. Moreover, predicting local damage
initiation does not represent the failure of the structure therefore progressive failure analysis
is required. Therefore, the various damage modes and their interactions must be accounted
for to accurately determine the maximum load-carrying capacity of a structure [22]. Com-
mercial finite element codes have proven to be versatile in modeling the structural behavior
of complex geometries. Integration of damage models with finite element codes has improved
the predictive capability of structural simulation. The computational methods that are cur-
rently used widely are based on fracture mechanics. The energy release rate is computed
and compared with a critical energy release rate of the material to predict crack propagation.
These methods are divided into continuum and discontinuous approaches [22].
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2.2.1 Continuum Damage Approach

The continuum damage mechanics approach involves cohesive cracks that are smeared over the
domain of an element. The damage is initiated based on a particular failure criterion such
as the maximum principal stress criterion or other interactive criterion. The propagation
of damage is modeled as the reduction of stiffness by including a damage variable in the
constitutive relation of the material. For example, Hooke’s law is expressed in the tensor
notation as,

σ = Dϵ (2.1)

Where σ and ϵ are the stress and strain tensors, D is the material stiffness or elastic matrix
which is a function of the material’s elastic modulus and Poisson ratio. To account for damage,
the equation is modified to account for isotropic stiffness reduction in the presence of a crack,

σ = (1 − ω)Dϵ (2.2)

Where ω represents a damage variable ranging from 0 to 1. Any value above 0 indicates the
onset and propagation of damage, while 1 signifies complete material failure. This method has
been used extensively for damage models of composite laminates in literature [23],[24]. In [23],
Maimi et al developed a constitutive relation for composites where three damage variables
account for the failure of the constituents of the material. This is achieved by defining a
scalar-valued function based on the complementary free energy,

G = σ2
11

2 (1 − d1) E1
+ σ2

22
2 (1 − d2) E2

− ν12
E1

σ11σ22 + σ2
12

2 (1 − d6) G12
+ (α11σ11 + α22σ22) ∆T

+ (β11σ11 + β22σ22) ∆M
(2.3)

Where d1, d2 and d6 are the damage variables corresponding to fiber failure, matrix failure, and
transfer or longitudinal cracks. Since the damage process is thermodynamically irreversible,
the energy dissipated due to damage onset and propagation must be positive. This leads to,

Ġ − σ̇ : ε ⩾ 0 (2.4)

The expansion of the above equation results in,

ε = ∂G

∂σ
= H : σ + α∆T + β∆M (2.5)

Where is H is called the laminate compliance tensor which relates the strain to the stress,

H = ∂2G

∂σ2 =


1

(1−d1)E1
−ν21

E2
0

−ν12
E1

1
(1−d2)E2

0
0 0 1

(1−d6)G12

 (2.6)

The damage variables within this tensor are zero within the elastic domain and reach a value of
1 at complete failure, mirroring the behavior observed in isotropic materials. The initiation
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of damage and the onset of material softening are determined based on composite failure
criteria, such as LaRC03-04. As the material continues to be loaded, the damage variable
evolves, ensuring that the energy associated with this damage remains non-negative, and the
total energy dissipated is equal to the fracture energy specific to the failure mode. Moreover,
the effect of crack closure under load reversal on the evolution of the damage variables was
also considered in this methodology.
Furtado et al extended this method in [24] to incorporate the effects of stress through the thick-
ness on longitudinal compressive strength and fracture energy. The damage model developed
was utilized to simulate the initiation of damage and failure in composite coupons consisting
of three aerospace-grade carbon epoxy laminates. The numerical simulations yielded results
that exhibited a strong correlation with experimental data. It is worth noting that these
methods do not necessarily represent a crack in the geometry; rather, the damage is localized
in a row of elements. The damage propagates along these mesh lines, therefore accurate re-
sults can be obtained only if the mesh is aligned along the crack path. Mesh dependency is
also a major drawback in CDM, where an increase in mesh density leads to energy dissipation
tending toward zero in each element [22]. This is resolved by determining the softening slopes
as a function of the fracture energy and the characteristic element length as proposed by
Bazant et al in [25]. Furthermore, the damage modes modeled using this method are often
limited to intralaminar failures. To account for intralaminar damage, discontinuous methods
are used. For instance, cohesive elements were used to model delamination in [24].

2.2.2 Discontinuous Approach

In this method, the discontinuity in the material such as cracks, voids, or other non-conformities
is modeled by accounting for the separation or jump in the displacement field across the dis-
continuous boundaries. Such methods are suitable for modeling composite failures such as
delamination and skin-stiffener separation. The discontinuous methods that are commonly
used in finite element codes are the Cohesive Zone Models (CZM), Extended Finite Elements
(XFEM) and, Virtual Crack Closure Technique. This section provides an overview of these
methods.

Virtual Crack Closure Technique (VCCT)

VCCT is based on the assumption that the energy dissipated during a crack’s advancement
by a certain length is equal to the work required to close the crack of the same length [26].
This method is computationally efficient since it depends on the finite element solution and
computing the energy can be considered a post-processing step. The energy is determined
based on nodal forces at the crack tip and the nodal separations in the wake of the crack as
shown in Figure 2.5. The crack is assumed to grow self-similarly and the energy release rates
corresponding to the crack opening modes are determined using Equation 2.7.

GI = 1
2∆aFY i · ∆νk,j ∆νk,j = νk − νj

GII = 1
2∆aFXi · ∆uk,j ∆uk,j = uk − uj

(2.7)

Where, Fx and Fy are the nodal forces, ∆a is the length of the element such that ∆a · 1 is
the area of the crack. ∆νk,j and ∆uk,j are the differences in the displacements between the
nodes k and j present in the wake of the crack.
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Figure 2.5: VCCT in 2-dimensions [3]

The above expression is suitable for crack growth analysis in the plane strain configuration
where the energy release rate corresponding to mode III crack opening can be ignored. How-
ever, delaminations often occur in the plane of the laminate and are highly dependent on
mixed mode ratios [26]. In 3-dimensions, the energy release rate corresponding to Mode III
is found using an expression similar to Equation 2.7,

GI = 1
2∆AFY i · ∆νk,j ∆νk,j = νk − νj

GII = 1
2∆AFXi · ∆uk,j ∆uk,j = uk − uj

GIII = 1
2∆AFzi · ∆wk,j ∆wk,j = wk − wj

(2.8)

Here ∆A is the area of the crack. The total strain energy release rate is computed by,

GT = GI + GII + GIII (2.9)

The critical strain energy release rate determines the onset of delamination. In [26] the max-
imum of GT is determined in a laminate with a pre-crack. Failure onset is assumed to occur
when the maximum GT is equal to or greater than the critical SERR. This method is suit-
able for analysis where a stationary crack is modeled. However, delamination is progressive
damage and the structure can handle higher loads. Therefore, to model delamination prop-
agation the total SERR is often compared with a critical SERR determined using the BK
criterion as shown in [15][27]. The ratio of the total SERR and critical SERR must be 1 for
the delamination to propagate as given by,

(GI + GII + GIII)
(GIC + (GIIC − GIC) [(GII + GIII/ (GI + GII + GIII ]η) = 1 (2.10)

Cohesive Zone Model

Despite the computational efficiency of VCCT, one drawback of the method is that the model
requires the pre-crack to be defined to determine the ERR. In some cases, deciding on the
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crack front of the delamination can be challenging, and the crack growth may not be self-
similar, meaning the shape of the delamination front may change during loading. One solution
to alleviate this problem is the use of interface or decohesion elements [5][6][4]. These elements
can be placed in potential crack paths to model crack onset and propagation. For instance,
cohesive elements can be placed between plies in a finite element model of a composite lami-
nate to model delamination. All these models are developed based on the concept of cohesive
zone or process zone where a softening zone exists at the crack tip.

The Linear Elastic Fracture Mechanics (LEFM) theory predicts infinite stresses at the crack
tip, but such stress singularities are not physically realistic for any material. Therefore al-
ternate models are required to predict the stress state at the crack tip that can accurately
determine crack propagation. In the case of metals, elasto-plastic models are used, where it
is assumed that the yield strength limits the stress near the crack tip. Further loading of the
cracked material results in a region with plastic deformation at the crack tip, as proposed
by Dugdale in [28]. For brittle materials like polymers or resins, where the extent of plastic
deformation is not as pronounced as in metals, Barenblatt proposed that the stress is lim-
ited by the material’s tensile strength [6]. Dugdale in 1960 determined the ratio of applied
load and yield stress such that metal yielding can be avoided in the cracked plate. However,
these methods do not allow crack growth and, hence, cannot be used to model propagating
cracks. The cohesive zone theory used for the interface or decohesion elements is based on
the strength of materials approach, where the onset of damage at the crack tip is determined
by the material strength. The evolution or growth of the crack is determined by the fracture
energy approach. This concept was used by Mi et al in [4], as shown in Figure Figure 2.6, to
develop a plane strain interface element which was used to model mixed-mode delamination.
Here, stress at the tip of the cohesive zone or the process zone is maximum and is limited by
the tensile strength and the stress in the wake of this tip reduces to a zero where the material
has completely failed. This concept has been used often to develop damage law for cohesive
or interface elements.

Camanaho et al implemented the cohesive zone theory using an 8-noded ’zero-thickness’ ele-
ment which was used to represent the ply interface in composite materials in [5]. In this work,
a constitutive relation is established between the stress and the nodal separation. The nodal
separation or displacement discontinuity represents the crack in the model. This element
developed in [5] is similar to the cohesive elements implemented in ABAQUS. The implemen-
tation begins with defining the nodal displacement fields using the following expression:

u+
i = Nku+

ki, k ∈ { top nodes }

u−
i = Nku−

ki, k ∈ {bottom nodes
} (2.11)

Where i is the direction of the displacement in the coordinate system used and k represents
the location of the nodes. The top nodes and bottom nodes can be observed in Figure 2.7.
The top and bottom surfaces of these elements are connected to the surfaces of the solid
elements that are adjacent to the cohesive elements. The displacement of the solid elements
results in the displacement and hence the separation of the nodes in the cohesive elements.
This separation or relative displacement is expressed by,

∆i = u+
i − u−

i (2.12)
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Figure 2.6: Stress at the crack tip [4]

Therefore, the relative displacement or the separation field can be expressed as,

∆i = N̄kuki (2.13)

Figure 2.7: Decohesion Element depicted in [5]

Where,

N̄k =
{

Nk, k ∈ { top nodes }
−Nk, k ∈ {bottom nodes} (2.14)

The separation in Equation 2.13 is expressed in the global coordinates. However, the displace-
ment field must be transformed into local coordinates for a general element in a discretized
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model. This transformation is carried out by defining direction cosines that are used to con-
struct the transformation matrix. The transformed displacement field is now denoted as δr.
The constitutive relation between the nodal tractions and separation is expressed by,

τs = δ̄srDsrδr (2.15)

Where δsr is the Kronecker delta, used to set the non-diagonal components of the stiffness
tensor Dsr to zero. These diagonal terms are referred to as penalty stiffness K, expressed as
a function of the material’s elastic modulus and thickness of the interface. This relation can
be expressed in the matrix form as shown in the ABAQUS documentation [17],

t =


tn

ts

tt

 =

 Knn Kns Knt

Kns Kss Kst

Knt Kst Ktt




εn

εs

εt

 = Kε. (2.16)

Where,
εn = δn

To
, εs = δs

To
, εt = δt

To
.

Here, the tractions are related to strains through a coupled stiffness matrix. The user is
free to choose whether the traction-separation behavior is coupled or uncoupled. Uncoupled
behavior would set the off-diagonal terms to zero. In the strain expression, ABAQUS sets
To to 1 by default to ensure the strain equals the relative displacement. This constitutive
relation is used to determine the internal force vector and thus the tangent stiffness matrix
of the cohesive element as shown in the following equations [22],

f int =
∫

Γi

NT tdΓ (2.17)

K =
∫

Γi

NT DNdΓ

D = ∂t
∂u

(2.18)

The subsequent step in defining the constitutive behavior of the cohesive element is to im-
plement the damage model. This consists of specifying the damage initiation criterion and
damage evolution parameters. The damage initiation is a strength-based criterion as men-
tioned earlier. ABAQUS allows the user to choose among the following failure criteria:

Maximum Nominal stress criterion : max
{

⟨tn⟩
t◦
n

, ts
t◦
s
, tt

t◦
t

}
= 1

Maximum nominal strain criterion : max
{

⟨ϵn⟩
ϵ◦

n
, ϵs

ϵ◦
s
, ϵt

ϵ◦
t

}
= 1

Quadratic nominal stress criterion :
(

⟨tn⟩
t◦
n

)2
+
(

ts
t◦
s

)2
+
(

tt
t◦
t

)2
= 1

Quadratic nominal strain criterion :
(

⟨ϵn⟩
ϵ◦

n

)2
+
(

ϵs
ϵ◦

s

)2
+
(

ϵt
ϵ◦

t

)2
= 1

Table 2.1: Damage initiation criterion in ABAQUS [17]

For the damage evolution, the fracture energy in modes I, II, and III need to be specified.
A constitutive relation for pure mode crack propagation typically looks like the curve in
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Figure 2.8. The linear response of the element is governed by the penalty stiffness. The
stiffness degradation begins when the traction in the element satisfies the damage initiation
criterion. The area under the curve in the constitutive relation shown is equal to the fracture
energy as shown in Equation 2.19. This equation is used to determine the maximum separation
that results in complete failure.

∫ δf
3

0
τ3dδ3 = GIC , δf

3 = GIC

2τmax
3∫ δf

2

0
τ2dδ2 = GIIC , δf

2 = GIIC

2τmax
2∫ δf

1

0
τ1dδ1 = GIIIC , δf

1 = GIIIC

2τmax
1

(2.19)

Figure 2.8: Constitutive equations for Pure Mode crack propagation [5]

Having established the limits of the displacements, the softening behavior of the cohesive
element is determined using the following expression. Here, δmax

i is the maximum separation
that occurs in the loading history of the element. This quantity ensures the irreversibility
of the damage in the element. In the case of unloading, the separation δi follows the second
degraded stiffness as can be seen in the Figure 2.8.

τi =


Kδi, δmax

i ≤ δ◦
i

(1 − di)Kδi, δ◦
i < δmax

i < δf
i

0, δmax
i ≥ δf

i

(2.20)

Delamination propagation in composite structures has a mixed-mode characteristic. There-
fore, the constitutive formulation in [5] is extended to account for the proportion of displace-
ment in the normal and shear directions [17]. In this formulation, an effective nodal separation
is computed as a norm of the separations in the three directions.

δm =
√

δ2
1 + δ2

2+⟩δ2
3⟩δshear =

√
δ2

1 + δ2
2 (2.21)
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In the mixed-mode constitutive law, a strength-based damage initiation criterion such as the
quadratic criterion is used to deal with the interaction of the normal and shear tractions. The
displacement corresponding to the onset of damage is found as a function of the mode-mix
ratio. Mode mix ratio is the proportion of shear displacement and the normal displacement
denoted by β,

β = δshearδ3 (2.22)

For mixed-mode loading the dependence of the fracture toughness on mode ratio must be
accounted for in the formulation of decohesion elements. Under Mixed-modes I and II, the
fracture surfaces reveal complex crack growth mechanisms compared to pure mode crack
propagation. Therefore, interactive failure criteria were developed that are a function of the
pure mode fracture energies. Examples of those include the Power Law and the BK Criterion.(

GI

GIC

)α

+
(

GII

GIIC

)α

= 1 (2.23)

GIC + (GIIC − GIC)
(

GII

GT

)η

= GC

GT = GI + GII

(2.24)

The failure criterion is used to determine the critical fracture energy, or the area under the
constitutive curve, to determine the final relative displacement that leads to the complete
failure of the cohesive element under mixed-mode conditions. This is done by determining
the energy release rates corresponding to the normal and shear displacements of the element
using,

GI = Kδ3f
m δ3◦

m

2 Gshear = Kδshearf
m δshear◦

m

2
(2.25)

Where δ3f
m ,δ3◦

m ,δshearf
m and δshear◦

m are determined from,

δ3f
m = δ3f /

√
1 + β2

The final displacement corresponding to the mixed-mode cohesive law is determined to estab-
lish the relative mixed-mode displacement that leads to the complete failure of the element.
The final constitutive relation between the tractions and relative mixed-mode displacement
is given by,

δf
m =


2

Kδ◦
m

[
GIC + (GIIC − GIC)

(
β2

1+β2

)η]
, δ3 > 0√

(δf
1 )2 + (δf

2 )2, δ3 ≤ 0
(2.26)

Figure 2.9 shows the bilinear softening law for mixed-mode loading conditions. The shaded
regions projected on the Mode I and shear mode planes represent the fracture energies corre-
sponding to the normal and shear m displacements when the mixed mode ratio is accounted
for.
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Figure 2.10: Restoration of cohesive state taken from [6]

Figure 2.9: Traction-Separation law for mixed-mode loading conditions

In the above formulation by Camanho et al [5], the stiffness degradation followed a bilinear
softening method. However, ABAQUS offers other damage evolution models such as exponen-
tial softening where the damage variable is computed as an exponential function of the relative
displacements. Furthermore, ABAQUS also allows specifying the relative displacements and
the corresponding damage variable in a tabular form for a given mode-mix ratio.

Despite the advantages of the cohesive element method over VCCT, researchers have identified
some drawbacks and proposed potential solutions. Turon et al [6] noted that the cohesive
state is reinstated when the mixed-mode ratio changes during delamination propagation.
Figure 2.10 displays this phenomenon, where the mixed-mode ratio in the initial loading case
is denoted as "A," resulting in complete failure due to effective displacement. However, for
loading mode "B," the corresponding mixed-mode fracture energy is larger, causing a larger
relative displacement and complete failure. Therefore, the relative displacement signified
complete failure in mode "A" now only indicates a damaged state in mode "B".
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The authors proposed a damage initiation criterion based on the BK damage propagation cri-
teria. This ensures that the evolution of damage is consistent with thermodynamic principles
when the loading conditions change during damage propagation.

(
τ0
)2

=
(
τ0

3

)2
+
((

τ0
shear

)2
−
(
τ0

3

)2
)

Bη (2.27)

In a subsequent study, the authors found that the interfacial shear strength impacts the global
response of specimens under mixed-mode loading conditions. However, pure-mode delami-
nations are not affected by interlaminar strengths [29]. In a simulation of the mixed-mode
bending test, varying interlaminar shear strength resulted in inaccurate energy dissipation at
a particular integration point ahead of the crack tip. The local mixed mode ratio also var-
ied with changes in relative displacement at the integration points. This was a consequence
of the damage initiation and propagation criterion being a function of the mixed-mode ra-
tio. Variations in the mixed-mode ratios during damage growth altered the strength and
fracture energy. Therefore, it was necessary to ensure that the rate of change of the dam-
age variable remained non-negative. The authors proposed a closed-form relation between
interlaminar strengths and the corresponding fracture energies shown in Equation 2.28. Sub-
sequent simulations of experiments, where highly mixed mode conditions are required for
damage propagation, revealed that the relation in Equation 2.28 can significantly reduce the
effect of interlaminar strengths. The global response of these experiments also correlated well
with solutions obtained from LEFM.

τ0
sh = τ0

3

√
GIIc

GIc
(2.28)

Another issue with cohesive elements is the requirement of extremely fine mesh near the
process zone of a crack. One solution was proposed in [30]. The cohesive zone length of a
material is determined by,

lcz = ME
Gc

(τ◦)2 (2.29)

Where E denotes the material’s Young’s modulus, Gc is the fracture energy of the material
and τ◦ is the interlaminar strength of the material. M is a cohesive zone model-dependent
parameter which is often equal to 0.88 [30]. It can be observed that the cohesive zone length
has an inverse quadratic relation with the interlaminar strength. For simulations, where a
strong dependency on fracture energy exists, the cohesive zone length can be numerically
increased by decreasing the interlaminar strength. The strength can be determined using the
following relation,

τ◦ =
√

M
EGc

Nele

lcz = Nele

(2.30)

Where Ne represents the number of desired elements in the process zone and le is the length of
the element. The findings in [30] indicate that accurate results can be achieved in simulations
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using lower interlaminar strengths and coarse meshes. However, stress concentrations in the
bulk elements near the crack tip could be inaccurate.

Extended Finite Element Method (XFEM)

It is clear from the descriptions of CZM and VCCT that modeling the cracks or discontinuities
requires the mesh to conform to the crack geometry, which leads to a lack of mesh objectivity.
This issue can be addressed by using the extended finite element method, where cracks are
modeled by enriching the displacement field. This method originated from the partition-of-
unity finite element method introduced by Melenk and Bubská in [31]. The method allows
beforehand to include information about the displacement fields, such as displacement discon-
tinuity. Moës and Belytschko further extended this approach by incorporating discontinuity
in the displacement approximation and crack-tip asymptotic fields based on the partition of
unity method [32]. Including the asymptotic stress field enables the modeling of crack tip
singularities and the determination of stress intensity based on LEFM. This displacement
field is enriched using a Heaviside enrichment function.

u =
N∑

i=1
NI(x)[uI + H(x)aI

4∑
α=I

Fα(x)bα
I ] (2.31)

The first term NI(x) is the shape function and uI are the degrees of freedom. H(x) is the
Heaviside function used to represent the discontinuity across the crack surfaces and aI consists
of the enriched degrees of freedom. The third term Fα(x) is the crack tip function.

In the following work, the authors modified the method and included cohesive traction sep-
aration laws for crack surfaces [32]. In this method, the stress singularity at the crack tip
vanishes as shown in the previous section. The element is enriched when the failure criterion
is satisfied in an element. The separation of crack surfaces determines the level of damage
which is a function of the fracture energy.

Another methodology in XFEM is the phantom node method which is derived from Hansbo’s
work [33]. In this method, the nodes of the enriched element and ‘phantom’ nodes are tied to
each other before damage initiation. After damage initiation, the element is divided into two
subelements by the crack releasing the tie between the phantom node and the original node, as
shown in Figure 2.11. The integrating domain is reduced to the area from the original nodes
up to the crack surface. The new cracked domains, annotated by Ω−

p and Ω+
p , are created.

In ABAQUS, the level set function is used to determine the crack position and geometry.
The level set function consists of two signed distance functions per node, where one function
defines the plane normal to the crack plane and the other function defines the crack front [17].
Details regarding other developments related to XFEM is covered in the following section.
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Figure 2.11: Treatment of cracks using Phantom Node Method [3]

2.2.3 Application of damage modeling techniques

The previous section dealt with the various methods that are used to model damage using
FEM. It was discussed earlier that there are several types of damage in composite materials
and it is essential to account for their interaction while modeling damage. Several efforts
have been taken to validate the ability of the above modeling techniques to capture damage
growth in the composite materials. However, utilizing only of the methods is insufficient to
capture all the types of damage modes.

In [5], simulations of DCB, ENF, and MMB were carried out to validate the decohesion
elements that were developed to model delamination. The results of the simulation correlated
closely with experimental results and the error for mixed-mode delaminations was within 8%.
In the subsequent work by Turon et al [6], where the damage initiation criterion was modified
based on BK criterion, a simulation of skin-flange debonding was carried out. A skin and
tapered flange model was created with decohesion elements placed at the interface with no
pre-cracks in the model as shown in Figure 2.12.

Figure 2.12: Skin Stiffener debonding simulation taken from [6]
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Apart from delamination, cohesive elements have also been used to model matrix cracks in
some cases. Pernice et al used interface elements, with cohesive traction separation behavior,
at potential matrix crack sites in an OHT simulation in [2]. In Figure 2.13 the cohesive
elements are aligned along the fiber direction in each ply since the matrix cracks run parallel
to the fiber.

Figure 2.13: Interface elements used for matrix cracks and delaminations in [2]

The matrix cracks predicted by the interface elements can be seen in Figure 2.14. The sim-
ulation predicts the asymmetric ply splits in the 0◦ ply for the small holes and symmetric
ply splits for the larger hole diameter. This result correlates well with the X-ray image ob-
tained from the interrupted OHT tests. The authors also present results from simulations for
ply-scaled and sub-laminate-scaled specimens to demonstrate the effect of the layup on the
failure mode. The model was able to predict delamination-type failure for ply-scaled speci-
mens where delamination propagates across the length of the coupon at the -45/0 interface.
Additionally, the model also captured delamination being restricted in the sublaminate scaled
specimen proving the capability of cohesive elements to model sufficient interaction between
matrix cracks and delaminations.

However, in this study, the potential crack paths were determined based on experimental
observations. This approach is not feasible for a general case where the crack paths are not
predetermined. For such cases, CDM has been utilized to predict damage initiation and
propagation. Furtado et al [24] developed a user material subroutine in ABAQUS based on
the LaRC03-04 failure criterion to predict intralaminar damage while cohesive elements were
used to model delamination. In-situ strengths were determined based on ply location and
thickness in order to improve the accuracy of the prediction. In [34] Tijs et al modeled ply
failure using CDM and delamination contact-based cohesive behavior in ABAQUS for virtual
testing of OHT coupons and lap shear specimens. A high-fidelity model was developed, which
consisted of the mesh in each ply aligned along the fiber direction. Shi et al [35] used CDM
with cohesive elements to model the impact response of a cross-ply laminate. The CDM again
implemented through a VUMAT in ABAQUS, showed a good correlation with experimental
results at high energy impact load.

Although CDM combined with cohesive elements correlated well with experimental observa-
tions, whether this method can capture complex crack interactions is unclear. Meer argues
in [22] that homogenization of material properties in mesoscale models affects the global re-
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Figure 2.14: Matrix cracks in OHT predicted by interface elements [2]

sponse of a model despite the correct local response. The author cites one of his previous
works where a 10◦ ply under tension was simulated using CDM to predict the in-plane shear
strength. The simulation predicted the location of damage initiation in the ply, however, the
crack propagation direction and global response did not correlate with experimental observa-
tion. The crack propagated transverse to the ply direction, resulting in unrealistic transverse
displacement. This was due to the inherent characteristic of the CDM method where the
crack propagation direction is only predicted based on stress concentration. This error can
be alleviated if the mesh is aligned along the fiber direction as done in [34].

In [36], the size effect of translaminar fracture energy on open-hole tensile strength using CDM
and CZM was studied. First the importance of modeling delamination to accurately predict
the strength of a notched laminate was emphasized. It was shown that using shell elements
such as S4R in ABAQUS to represent the entire laminate might lead to overprediction of the
notched strength since the failure mechanism consists of significant delaminations. Modeling
each ply using continuum shell elements and a cohesive interface resulted in a mesh-objective
outcome and good correlation with experimental observations. The simulations conducted
to study the behavior of ply-scaled and sublimate-scaled specimens also displayed excellent
correlation with experimental results. However, the simulation results of in-plane scaling
for ply-scaled specimens deviated from experiments. The ply-scaled specimens with in-plane
scaling predominantly fail in the pull-out mode, characterized by significant delaminations
before the zero-degree plies fail. The author attributes this error to the CDM model’s in-
ability to accurately represent the stress concentration at the matrix crack tip that induces
delamination. Cracks predicted by the CDM are smeared over the volume of the element,
preventing the model from capturing the stress concentration at the matrix crack tip. This
can be achieved to a certain extent by discrete representation of matrix cracks in the element.

XFEM has been widely used by many researchers to model matrix cracks in a discrete manner.
van Dongen et al [7] proposed and tested a blended approach where XFEM was used to
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Figure 2.15: Matrix cracking in 45◦ using three approaches [7]

determine matrix cracks, cohesive elements for delamination, and CDM for fiber failure. The
approach was used in a numerical simulation of OHT and the results were validated using
experimental results. Two other numerical approaches were also carried out for comparison:
one solely used CDM for ply failures with no delamination and the second used CDM along
with cohesive elements at ply interfaces. Figure 2.15 shows the failure patterns predicted
by the three approaches in a 45◦ ply in the numerical model of the OHT specimen. DM1
and DM2 show the matrix crack predicted by the CDM subroutines while DM3 shows the
discrete crack modelled using XFEM. The XFEM crack grows parallel to the fiber direction.
The author points out that the limitation of the XFEM implementation in ABAQUS does not
allow for predicting secondary matrix cracks that are observed in experiments. Nevertheless,
the accuracy of the failure pattern achieved is better for the XFEM model. This is also
justified by the strain contour plots compared with the DIC result presented in [7].

Wang et al [8] used the cohesive segments-based XFEM to model matrix cracks while account-
ing for matrix plasticity and hydrostatic sensitivity of the yield stress. The matrix crack was
predicted using the LaRC05 criterion using a user damage initiation subroutine (UDMGINI).
The LaRC05 criterion allows the determination of the fracture plane, however, the orientation
of the plane needs to be numerically determined. The authors developed a modified Golden
Section search algorithm, abbreviated as CLGSS, to find the orientation that maximizes the
failure criterion. The search algorithm was used to predict the failure envelope for the com-
posite material subjected to transverse and shear stresses. The strength predictions from the
literature were comparable to the failure envelope obtained using the above approach as seen
in Figure 2.16. The authors simulated the Iosepescu tests, which were validated using the
experimental results. This study indicates that an accurate response of composite materials
can be obtained using XFEM when shear non-linearity is also included in the constitutive
model. Although only unidirectional laminates were tested, the authors conclude that the
above approach can be used in matrix failure in multidirectional composite laminates.

In [9], the modified Selection Range Golden Section Search (SRGSS) algorithm was used to
determine the matrix crack orientation using the Puck failure criterion. XFEM was used to
model matrix cracks in bulk elements as well as the failure of the resin-rich ply interfaces. The
interface elements were also enriched using XFEM in ABAQUS, however, the crack orientation
was controlled using the UDMGINI criterion. The matrix crack orientation determined using
the modified SRGSS algorithm was passed on to the UDMGINI subroutine to model the
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Figure 2.16: Shear response and failure envelope [8]

matrix crack in the bulk elements of the ply. The algorithm and the subroutine were first
tested in a DCB simulation and the results obtained closely aligned with a simulation that
used cohesive elements. A simulation of a cross-ply laminate under impact loading was carried
out. In the experiments, a crack was initiated in the 90◦ ply block approximately 20mm from
the impact location after which it propagated to the adjacent 90/0 interface resulting in a
delamination. The simulation predicted the location of crack initiation, propagation towards
the interface, and the subsequent delamination as seen in Figure 2.17.

Figure 2.17: Crack propagation under impact load [9]

A similar approach can be noticed in the work by Zhao et al [10]. XFEM was used to simulate
delamination and matrix cracks in unidirectional and cross-ply laminates using ABAQUS. A
crack-leading algorithm was implemented in a damage initiation subroutine (UDMGINI) to
predict the onset and orientation of the crack. The algorithm ensures the XFEM crack runs
parallel to the fiber direction at the 0/0 interface. At the 0/90 interface, the crack propagates
as a delamination between the plies when the principal stress orientation in the interface, θ is
less than 90◦ as seen in Figure 2.18. When the principal stress orientation is greater than 90◦

the crack is allowed to kink into the 90◦ plies if it satisfies the failure criterion. The authors
employed this method in a 2D simulation using plane strain elements. The algorithm was
successful in predicting the migration of the crack into the transverse plies at a location very
close to that observed in experiments Figure 2.19.

Figure 2.18: Crack propagation in multi-direction laminates [10]
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Figure 2.19: Crack migration predicted by crack leading algorithm [10]

In the above studies, XFEM has not only been used to capture delamination and matrix
cracking but also their interaction. This is achieved by enriching solid elements that are
positioned at ply interfaces to allow crack propagation beyond the boundaries of the ply
elements. However, this approach only allows modeling the initiation and propagation of
a single crack. It may often be necessary to capture the effects of secondary cracks in the
material for a more accurate representation of the failure process. Given the limitation that
only a single crack can propagate in an enriched region in ABAQUS, dealing with multiple
cracks can be non-trivial. Petrov et al defined multiple enriched regions in a cross-ply laminate
to study the capability of XFEM to capture matrix cracking under transverse tensile loading
[37]. In this study, a statistical distribution of the transverse strength was used across the
domain to allow crack initiating at the weakest enriched region. Additionally, the sensitivity
of element size, enrichment spacing, strength, and fracture energy were studied. The influence
of delamination in the numerical model was also studied by using cohesive contact at the 90/0
interface. It was observed that allowing delamination in the numerical simulation resulted
in lower crack density at the same applied strain. However, at low strains, the difference in
crack density was only 10% which may seem insignificant. However, the authors claim that
reducing the fracture energy of the cohesive interface might show a significant difference in
the crack density. Nevertheless, the slowing down of transverse cracks due to delamination
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and the subsequent increase in transverse strength can be obtained by modeling a cohesive
interface in the numerical model.
The combined approach of XFEM and cohesive elements to model transverse cracks and
delaminations was also used to study the in-situ effects on transverse strength in cross-ply
laminates. [38]. The authors demonstrated that a fine mesh through the thickness of the 90◦

ply can predict the in-situ strength of thick and thin plies without including cohesive elements.
In the analysis of composite laminates, it is not always practical to have a fine discretization
in the thickness direction. A single row of elements can be used for the transverse ply only if
delamination is allowed in the model. Thus, a single row of elements along with a cohesive
interface accurately predicted the in-situ effect for thin plies while the results deviated for
thick plies. This is because thick-ply in-situ strength depends on the crack propagation
through the thickness which requires finer resolution in the thickness direction. However, this
study concluded that the combined approach of XFEM and cohesive elements can be used
reliably for the damage modeling of composite laminates especially for thin plies. This was
also justified by the crack density predictions obtained from the XFEM-cohesive interface
models. The crack-density saturation observed in experiments was over-predicted by 30%
which is attributed to the choice of the cohesive parameters.
In the case of composites under out-of-plane loading conditions, such as impact or crack-
migration test, the authors in [10] and [9] avoided the use of cohesive elements at ply interfaces.
The objective of employing a damage initiation subroutine was to capture the energetically
favorable conditions that drive a crack to propagate in the direction perpendicular to the
principal stress. Zhao et al point out that traditional cohesive elements are incapable of
capturing the displacement discontinuity that arises in the adjacent solid elements without
modifying the cohesive element formulation. Fang et al developed an augmented cohesive
element (A-CE) using the phantom node method as a solution to this shortcoming [11]. The
A-CEs are used in combination with augmented finite elements (A-FE). The displacement
field of the A-FEs is augmented to represent displacement discontinuity. ’Ghost nodes’ are
connected to the original nodes of the element before the damage initiation. When the damage
initiates, the elements split into two mathematical elements (ME), as depicted in Figure 2.20.
The displacement field is described using two sets of original nodes and two sets of ghost
nodes. The stiffness matrix for these elements is determined using a subdomain integration
scheme similar to the PNM. When a crack within one of the A-FEs reaches the A-CE’s edge,
the A-CEs are augmented and split into two MEs. After the splitting, the A-CEs are treated
the same as a standard cohesive element. The A-CE integration is carried out at two Gaussian
points within the sub-element.
The element integration performed over the sub-domain in the phantom node method could
result in erroneous results. The floating node method overcomes this issue as shown in [39].
In the PNM, the phantom nodes and real nodes share the same nodal coordinates during the
analysis until a discontinuity allows them to separate. However, the floating nodes in FNM are
not tied to standard finite element nodes that is they do not share the same nodal coordinates
as the real nodes. When a discontinuity arises in the displacement field, the floating nodes
are assigned to a geometrical entity of the element. In two-dimensional cases, the floating
node is assigned to an edge, and in three dimensions, it may be a surface or an edge. The
coordinates of the crack nodes are determined from a failure criterion. Once the floating
nodes are assigned to a geometrical entity, the new element consists of a set of original nodes
and a set of new nodes with the crack coordinates. Unlike PNM, a new Jacobian matrix
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Figure 2.20: Augmenting the cohesive element [11]

and B-matrix are determined for the sub-element which results in a new set of integrands
for the stiffness matrix. The integration domain is obtained by transforming the entire sub-
element into the isoparametric space and the crack surface is also accurately represented
after transformation. However, PNM uses the same isoparametric space for the element
before and after the initiation of a discontinuity requiring the use of subdomain integration.
Cohesive cracks can be represented using the floating node method. The constitutive traction-
separation law can be applied using the nodal displacements that are present on the crack
face of the two subelements. For further details regarding the implementation of the above
method and comparison of FNM with PNM, XFEM, or remeshing, the reader is referred to
[39].

The FNM was used to model crack migration in cross-ply laminates by combining the tech-
nique with VCCT to determine crack propagation [40]. The crack migration simulations were
carried out in 2D using plane strain formulation. The method was able to predict the crack
migration location and the global response accurately for various load cases. In [12] the ca-
pability of including cohesive cracks at arbitrary locations using FNM was used to construct
three-dimensional laminate elements. The sub-elements represent the different plies and the
resin-rich interlaminar regions. The interlaminar regions are treated like standard cohesive
elements when the adjacent ply element does not contain any matrix cracks. In the presence
of matrix cracks, the edges of the cohesive element are assigned floating nodes and the element
splits into two as shown in Figure 2.21. This methodology was used to model crack migration
in the angle ply laminates in [12]. Quadratic stress criterion was used to predict delamination
and matrix cracking. The model predicted crack kinking and migrations at different locations
across the laminate width as observed in the experiments from [2]. The matrix cracks were
modeled vertically through the 90◦ which might be the reason behind the over-prediction of
the peak load in one of the load cases. The author also demonstrates that using standard
cohesive elements in the simulation failed to predict crack migration. However, the quadratic
failure criterion used for matrix cracks does not model inclined matrix cracks observed in
the experiments. The orientation of the matrix crack is essential to capture accurate energy
dissipation. It could be possible that nucleation of inclined matrix cracks could result in an
energetically favorable path and thus result in migration despite the use of standard cohesive
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Figure 2.21: Cohesive Element
split by floating nodes [12]

Figure 2.22: Crack migration in
DCB specimen [13]

elements.

Other approaches also include modeling the interaction of matrix cracks and delamination
by enriching cohesive elements with enrichment functions [41][13]. Hu et al enriched 3D el-
ements using a shift-basis enrichment method. The method was also applied to enrich the
displacement fields for the cohesive elements. This allowed the cohesive elements to capture
the displacement discontinuity in the abutting solid elements. Additionally, the authors em-
ployed a zig-zag cohesive law to improve the convergence of the simulation. The method
was used to simulate the DCB of a multidirectional composite laminate. Crack migrations
observed in experiments were also predicted by the model as seen in Figure 2.22. This study
utilized the 3D Hashin failure criterion to model inclined matrix cracks. However, the results
indicate slight deviations in the force response predictions when validated against experimen-
tal data.

Enriching cohesive elements in commercial finite element packages like ABAQUS requires the
development of user elements subroutines which must undergo extensive validation before it
can be applied to structural simulations. However, Van der Meer demonstrated that when
solid elements are enriched using the phantom node method, using cohesive elements without
any modifications can be acceptable [22]. The author states that the displacement inaccuracies
in the cohesive elements when a ply element cracks are often limited to the element’s interior
region. Using unadapted interface elements can be accepted since sub-element level accuracy
is not usually sought after and the errors may be minimized upon mesh refinement. Since the
relative displacement of the phantom nodes represents the displacement of the actual material
points, this information is often available at the cohesive element nodes as well. Therefore,
using nodal integration for cohesive elements can ensure a better approximation than Gaussian
integration schemes. However, the author demonstrated the interaction between matrix cracks
and delamination in a composite laminate subjected to in-plane loading conditions. The
capability of this method to predict stronger interactions such as crack migration could require
further investigation.

XFEM and CZM have been used to model matrix cracking and delamination without any
modifications to the formulations available in ABAQUS. Baran et al used the XFEM-CZM
method in ABAQUS to model the crack initiation and propagation in the thermoplastic
butt-joint section subjected to a three-point bending test [42]. A cohesive surface was used
to predict delamination at the interface of the laminate and the filler material as shown in
Figure 2.23. XFEM-VCCT technique which works based on the line elastic fracture me-
chanics method to predict crack propagation was used to model the brittle cracking of the
thermoplastic filler material.
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Figure 2.23: Delamination at butt-joint interface

Grogan et al used XFEM to model micro-cracking in the matrix and surface-based cohesive
behavior for delamination [43]. The authors aimed to predict the formation of crack networks
that will result in gas leakage in composite structures operating in cryogenic conditions. The
FE model accounted for defects and statistical distribution of strength across the laminate
to obtain a more realistic prediction from the simulation. XFEM was used for transversal
intra-laminar cracks, and surface-based CZM was used for the interaction between adjacent
plies and cracks using pre-defined delamination surfaces. The model also accounts for the
size effect, where a larger element has a higher probability of failure than a smaller element.
Permeability is predicted based on overlapping areas between cracks in adjacent plies and
crack displacements. The numerical results reveal delaminations near matrix crack tips. The
orientation of the matrix crack is vertical within the ply. The cracks formed in the model are
used to quantify the permeability of the laminate. The results predicted by the numerical
model are compared with experimental data and show reasonable agreement.

2.3 Skin-stiffener Failure and Simulations

The studies presented so far demonstrated the capability of using computational fracture
mechanics techniques to predict complex failure mechanisms observed in composite laminate
at a coupon or sub-structural level. It has been observed that to accurately predict damage
interactions, the resolution of the stress states in a composite laminate needs to be sufficiently
high which usually requires a meso-scale model of the composite laminate. However, finite
element models of aeronautical structures use low-fidelity modeling techniques to predict
structural response. The mesoscale modeling approach to a composite structure would require
extremely high computational power. Moreover, damage simulations introduce an additional
layer of complexity through material non-linearity which adds to convergence difficulties if
the Newton-Raphson method is used as a solution approach. With the growing demand
for damage-tolerant structures, performing damage simulations on such large geometries has
become vital to minimize the number of experimental campaigns. Nevertheless, efforts have
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Figure 2.24: Comparison between the three levels of local high-fidelity models [14]

been made to develop and test structural modeling techniques that can take advantage of
low-fidelity methods while utilizing the advanced damage modeling techniques presented in
the previous section. Following are some examples where damage simulations are carried out
on skin-stiffener structures.

Krueger et al used VCCT to predict skin-stiffener separation in a T-stiffened panel subjected
to shear loads [14]. The simulations used a global local approach to verify if the accuracy
of failure prediction improves with increasing the model fidelity. The global model of the
stiffened panel was discretized using shell elements in ABAQUS whereas the local high-fidelity
model consisted of various approaches. In the baseline case, the skin and stiffener foot were
meshed using solid elements. Two following cases were analyzed - one where the web was also
modeled using 3D brick elements per ply and the second where the stiffener transition and
noodle region were meshed using 3D elements. Shell-to-solid coupling was used to connect the
solid regions to the shell regions in ABAQUS. Further mesh refinement was done for the skin
and stiffener foot near the locations where failure was expected. Further details of this can
be found in the cited reference. The objective of the simulation was to assess the influence of
fidelity on the damage onset prediction. VCCT equations were used to determine the total
energy release rate (GT ) at the nodes near the crack front while the critical energy release
rate (GC) was determined using the BK criterion. Damage onset was predicted if the ratio of
GT /GC was greater than 1. This failure index was plotted for the three modeling approaches
with the normalized distance along the stiffener foot in the x-axis, Figure 2.24. The results
indicate a significant difference in the failure index predicted. The authors attribute this to
the difference in local stiffness arising from local mesh refinement and solid elements used in
these sections. Although there is no test data supporting the simulation results, this work
highlights the local high-fidelity models of simulation results and claims that the accuracy of
simulations could be improved using such modeling techniques.
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Figure 2.25: Comparison of the load-displacement by FE with experimental response [15]

Figure 2.26: Skin-stiffener separation predicted by VCCT [15]

Orifici et al carried out simulations on damaged and undamaged multi-stringer panels to
predict damage initiation and growth [15]. For the intact blade-stiffened panels, a global-local
approach was used to identify the critical section using the degenerate Tsai interlaminar failure
criterion. In the global-local methodology, the global displacements were transferred from the
shell model to the local 3D model. The Hashin damage criterion was used to predict damage
onset in the plies and the property degradation method was used for progressive damage
analysis. In the case of the damaged panel, VCCT was used to model debond propagation at
the skin-stiffener interface using the user-defined MPC. The VCCT was modified to obtain a
better approximation of the energy release rates. For testing, the damage in the manufactured
panel was introduced through cyclic displacement controlled loading which corresponded to
95% of the collapse load. The damaged panel was loaded statically until complete failure.
FE simulations closely predicted the failure process although the peak load deviated from
experiments as seen in Figure 2.25. Apart from the debond growth, shown in Figure 2.26,
matrix, and fiber damage were also predicted in the panel. Matrix crack was mostly present in
the outer 90◦ ply of the skin close to the debond crack front. Fiber failure was first predicted
in the outer blade stiffeners of the panel which led to a load drop by 10kN while the fiber
failure in the 0◦ ply in the central stiffener resulted in the load dropping by 30kN. The final
fiber failure was preceded by the debond growth and matrix cracking.

Numerical simulations of two single stiffener carbon-expoy composite panels with different
geometries and skin-stiffener debond areas were conducted using a modified VCCT technique
(SMXB-SS) by Raimondo et al in [16]. Experiments were conducted until failure, in this
case, skin-stiffener separation. For intra-laminar damage, the instantaneous damage model
was implemented in a user material subroutine (USERMAT), where the elastic properties of
the constituents were degraded by a certain factor. The Hashin failure criterion was used to
determine the onset of damage and the stiffness degradation was done when the criterion was



2.3 Skin-stiffener Failure and Simulations 31

Figure 2.27: Influence of material damage in the constitutive model on the response of skin-
stiffener [16]

Figure 2.28: Difference in prediction of debond area [16]

satisfied. Two simulations were carried out for both configurations of the panel. The first
simulation only modeled the debonding at the stiffener foot while the second included the
material degradation model in the stiffener. The plot in Figure 2.27 shows that accounting for
material damage in the stringer results in the stiffness drop in the global response. Since the
material softening approach did not use any physically based method like CDM, the load drop
was not captured. However, the debonded area predicted by the model which accounted for
material degradation in the stiffener was smaller than the debonded area determined by the
model which only used VCCT indicating the coupling between the different damage modes
in the structure Figure 2.28.

Vescovini et al [44] used cohesive elements in a local model to predict debonding in a single-
stiffener model. Shows how sub-modeling can yield pretty good results. Van Dooren et al [27]
used VCCT to predict skin-stiffener separation and modeled the skin and stiffener using con-
tinuum shell elements. Good results were obtained although damage was restricted predom-
inantly at the skin-stiffener interface. Meeks et al carried out experiments on skin-stiffener
using the 7-point bending method. The authors reported matrix cracks in the outer ply
which lead to the skin-stiffener separation [45]. Action et al implemented another global-local
method to predict failure at the interface of the skin-stiffener in an omega-section stiffened
panel [46]. CDM was used to predict ply failure in the local model and the elements were
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aligned along the fiber direction. Elements were selected to explicitly predict matrix cracks
within the local section. Cohesive elements were used to model delamination. This model
predicted the migration of cracks from the skin-stiffener interface to the ply interfaces within
the skin.



Chapter 3

Methodology

3.1 Research Objective and Research Questions

Skin-stringer separation has been central to all the cited references presented in the previous
section since the collapse of the structure was mostly a consequence of stable or unstable
crack growth at this interface. This failure mode is highly researched and investigated when
post-buckling of stiffened panels is considered [15]. Predicting damage in the vicinity of this
interface would aid in the development of strategies to mitigate failure and improve structural
performance. It has been observed that the skin-stiffener interface failure occurs due to stress
concentrations arising at the interface as a consequence of differences in geometry as well as
variations in bending properties. Imperfections and defects at this interface could compromise
the integrity of the structure. At times damage in the outer ply of the skin or stringer has also
resulted in significant differences in response of the structure. For instance, the experimental
work by Meeks et al shows that the propagation of cracks at the skin-stiffener interface is
influenced by matrix cracks in the outer ply of the skin [45]. Such observations and insight
gained from previous studies call for approaches that can account for damage in the material
surrounding the skin-stiffener interface.

In the context of numerical simulations, VCCT and CZM are commonly used to model the
skin-stiffener separation. Various studies in the literature, including the references that have
been cited, show that these methods can yield excellent correlations with experiments and
are suitable for designing novel structures. Many studies account for damage in the skin
and stiffener using ply degradation models or smeared crack methods like CDM. However,
simulations at the coupon level show that using CDM with CZM can yield accurate results
when there is almost no interaction between matrix cracks and delamination. When structural
failure is preceded by delaminations at ply interfaces in the skin, it becomes necessary to
include these damages in the numerical model to accurately predict the structural response.
Such damage has been observed in the thermoplastic butt-joint skin-stiffener that was tested
at TU Delft. C-scans of several single-stiffener panel specimens reveal delaminations at ply
interfaces in the skin. Previously, the post-buckling of a multi-stringer panel manufactured
using the thermoplastic butt-joint filler method was analyzed in [27] where the skin-stiffener
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separation was predicted using VCCT. Since the new single stiffener panel reveals additional
damage in the structure, the numerical simulations need to account for intralaminar and
interlaminar damage in the skin. This leads to the research objective of this thesis:

"Predict the delamination, skin-stiffener interface failure, and matrix cracks in a
finite element model of the thermoplastic butt-joint single stiffener panel subjected
to out-of-plane deformations using computational fracture mechanics methods"

CZM has been the most common method used to model delamination in composite laminates.
The combination of this technique with the extended finite element method (XFEM) has
the capability of capturing the interaction of matrix crack with delamination. The coupled
XFEM-CE approach has extensively been applied to simulate crack interactions at a coupon
level. A similar approach to model progressive damage in composite stiffened panels has not
been found in the literature. This provides an opportunity to explore the capabilities of this
method to predict damage that would arise in a composite stiffened panel and document the
advantages or shortcomings of this technique. To do this, the following research question has
been formulated:

“How effectively can XFEM and cohesive elements capture the interactions of
damage in a composite stiffened panel?”

To effectively answer this research question, additional sub-questions have been formulated.
First, a hypothesis is formulated based on the insight gained from the literature regarding
the damage that is observed in the thermoplastic butt-joint

"The delamination observed in the ply interfaces of the skin in the thermoplastic
butt-joint single stiffener panel is a result of the matrix cracks in the outer ply
caused by stress concentrations at the crack front of the artificial defect"

Based on this hypothesis, the Extended Finite Element Method (XFEM) has been selected
for the discrete modeling of matrix cracks within the ply, necessitating a robust and accurate
damage initiation criterion. A review of the latest version of ABAQUS revealed the implemen-
tation of the LaRC05 failure criterion. This criterion is compatible with three-dimensional
elements and operates within the XFEM-cohesive segments framework. Notably, the LaRC05
criterion also enables numerical predictions of the orientation of matrix cracks. In light of
these advancements, the following sub-questions have been formulated to guide the research:

1. How effective can matrix crack determined by LaRC05 be in predicting the interaction
of matrix crack and delamination?

2. How accurate is this combination of XFEM with standard cohesive elements in predict-
ing the interaction of matrix cracks and delamination?

3. How do numerical parameters influence the interaction of matrix cracks and delamina-
tion?
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4. How do material parameters influence the interaction of matrix cracks and delamina-
tion?

5. To what extent does accounting for a discrete matrix crack and interlaminar failure in
the skin influence the response of the stiffened panel?

Having established the questions necessary to evaluate the effectiveness of the XFEM-Cohesive
Zone Model (CZM) in capturing damage interaction in the stiffened panel, the subsequent
section outlines the methodological steps undertaken in this thesis to achieve the research
objectives.

3.2 Research Plan

As stated in the hypothesis, the delaminations observed within the skin could result from
the artificial crack migrating from the skin-stiffener interface through the matrix cracks in the
outer ply of the skin. However, it is essential to verify whether the chosen numerical method,
XFEM-CE, can accurately capture these crack interactions.

To accomplish this verification, simulations of the crack migration test described by Ratcliffe
et al [1]. will be conducted. This test has been widely utilized in the literature to evaluate
various methods developed for modeling the interaction between matrix cracks and delamina-
tions in composite laminates. Although some studies suggest that standard cohesive elements
may be ineffective in accurately capturing crack migration, this thesis must work within the
limitations of the ABAQUS package.

Conducting this simulation will serve a dual purpose. First, it will help assess the capability
of the XFEM-CE approach in predicting crack interactions. Second, it will verify whether
the LaRC05 failure criterion can accurately predict the orientation of cracks as observed in
experimental settings, thereby minimizing potential errors associated with the use of standard
cohesive elements. Successful validation of these aspects will facilitate the answer to the first
research question.

The second research question will be addressed by validating the results of the crack migration
test simulations against experimental data and findings from existing literature. By compar-
ing the simulation outcomes, particularly those obtained through the XFEM-CE approach in
ABAQUS, with empirical results, a robust correlation can be established. Successful valida-
tion will further support the hypothesis that the XFEM-CE approach is capable of accurately
capturing the intricate interactions between matrix cracks and delaminations.

To assess the influence of numerical and material parameters on crack migration predictions, a
comprehensive approach will be employed involving mesh convergence studies and parametric
analyses. The insights gained from these simulations will directly contribute to addressing
the third and fourth research questions. These findings will serve as essential inputs for
modeling crack propagation at a structural level. Specifically, a three-point bending model
of the thermoplastic butt-joint skin-stringer will be developed, featuring an initial artificial
crack that will be progressively extended during the loading process. By utilizing the XFEM-
CE approach, we aim to investigate whether crack migration occurs within the panel under
loading conditions.
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The outcomes from this simulation will be contrasted with results from a separate simulation
that does not incorporate XFEM. A noticeable absence of delamination within the skin in
the latter scenario could provide compelling evidence that the matrix crack interactions and
delamination are effectively captured by the proposed XFEM-CE methodology.



Chapter 4

Crack Migration Test - Modeling

The crack migration test, introduced in Chapter 2, serves as a crucial methodology for
investigating the propensity of delamination to kink into adjacent off-axis plies, ultimately
leading to matrix cracking and the formation of new delaminations at subsequent ply inter-
faces. Experiments conducted by Ratcliffe et al. [1] on cross-ply laminates and further studies
by Pernice et al [2] on angle-ply laminates at angles of 60◦ and 75◦ have been instrumental
in understanding this phenomenon. The primary objective of these tests is to identify the
conditions that facilitate crack migration within composite laminates.

In this chapter, the approach taken to develop the numerical model for the cross-ply test
specimen is presented. The selection of a cross-ply configuration is particularly relevant, as it
is expected to exhibit only a single migration event. In contrast, laminates oriented at 60◦ or
75◦ are prone to multiple migration events due to the variation of stress across the width of
the laminate. This focused investigation into a single migration event simplifies the analysis
and allows for a clearer understanding of the mechanisms at play.

4.1 Finite Element Model Description

4.2 Test Specimen

The test specimen is a cross-ply laminate with a pre-crack between a zero-degree ply and a
stack of 90◦ plies. Calmped at both ends, the laminate is loaded in the out-of-plane direc-
tion at a distance L from the clamping surface as shown in Figure 4.1. The width of the
laminate is 12.7mm and the length of the specimen between the clamps is 115mm. The load
is introduced through a piano hinge on the upper sub-laminate. The layup of the specimen
is [904/03/(90/0)2s/03/904/T/904/0/0/(90/0)2s/0/0/903/0/90] where the ply at the extreme
right in the stacking sequence is the lowest ply of the laminate.
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Figure 4.1: Crack Migration Test set-up

4.3 Modeling Approach

A mesoscale model is required to capture the sequence of damage and failure in the composite
laminate. Since the damage propagates within the 90/0 interface and through the 90◦ ply
block the stack of 904 and the 0◦ plies present above and below the 90◦ ply block respectively
are modeled separately. These parts are meshed using hexahedral full integration elements
(C3D8) with a single row of elements per ply. The plies in the top-sublaminate, consisting of
[904/03/(90/0)2s], and the bottom sub-laminate consisting of [0/(90/0)2s/0/0/903/0/90] are
modeled as two separate parts. The top and bottom sublaminate parts were discretized using
solid elements and the stacking sequence was specified using the Composite Layup option
[12].

Two additional parts were created for the cohesive interface and were meshed using the
standard 8-node linear cohesive elements (COH3D8) in ABAQUS. A viscosity of 1e-6 was
specified for these elements. The cohesive elements were placed between the 0/904 and 904/03
interfaces. The cohesive elements in the top 90/0 interface spanned the whole length while
the bottom interface was shorter by 49mm due to the presence of the pre-crack. No cohesive
elements were placed in the region of the pre-crack. All the parts were stacked in the assembly
module and tie constraints were defined between the connected parts.

4.4 Material Properties and Failure Criterion

The test specimen was manufactured using IM7/8552 carbon-epoxy tapes in [1]. The material
properties employed in the numerical simulation presented in [12] are adopted here. The
material properties are specified in the following table Table 4.1, Table 4.3, and Table 4.2.
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Property Value Units
E1 161 GPa
E2 11.38 GPa
E3 11.38 GPa

G12 5.17 GPa
G13 5.17 GPa
G23 3.98 GPa
µ12 0.32 -
µ13 0.32 -
µ23 0.44 -

Table 4.1: Elastic Properties of IM7/8552

Table 4.2: Interlaminar Strength and
Fracture Energies

Property Value Units
Sn 60 MPa
Ss 90 MPa

Kn, Ks 1.6x105 N/mm3

GIC 0.21 kJ/m2

GIIC 0.77 kJ/m2

Table 4.3: Matrix Strength and Frac-
ture Energies

Property Value Units
Yt 60 MPa
S 90 MPa

GIC 0.21 kJ/m2

GIIC 0.77 kJ/m2

The LaRC05 failure criterion is ABAQUS is used in the current study to determine the
damage initiation in the ply. The LaRC05 failure criterion accounts for four damage initiation
mechanisms - Matrix Cracking, Fiber tension, Fiber Kinking, and Fiber splitting [17]. Fiber
kinking and fiber splitting failure criteria are determined in the fiber misaligned frame when
the fiber is under compression. Fiber tension is satisfied when the tensile stress in the fiber
direction exceeds the ply tensile strength. The matrix cracking criterion, which is relevant to
the current study is determined using the following expression:

F crack
m =

√(
τT

ST − ηT σN

)2
+
(

τL

SL − ηLσN

)2
+
(⟨σN ⟩+

YT

)2
(4.1)

Where SL and ST are the shear strengths of the matrix and YT is the transverse tensile
strength of the matrix. σN , τT , and τL are the normal and shear stresses on the fracture
plane of the matrix which is oriented perpendicular to the local 2-3 plane of the ply since the
matrix crack runs parallel to the fiber. The stresses acting on this plane are determined from
the 3D stress state of the element using the following expressions:

σN = σ22cos2α + σ33sin2α + σ23sin(2α)

τT = 1
2(σ33 − σ22)sin(2α) + σ23cos(2α)

τL = σ12cos(α) + σ31sin(α)
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The angle α is the orientation of the critical plane and is determined numerically such that it
maximizes the failure criterion F crack

m . This method allows the prediction of inclined matrix
cracks when the element is enriched using XFEM. The crack appears at the angle determined
using the above method when the failure criterion is satisfied.

Damage initiation for delamination is determined using the quadratic nominal stress criterion
in ABAQUS using the following expression:

(⟨tn⟩
t◦
n

)2
+
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ts

t◦
s

)2
+
(

tt

t◦
t

)2
= 1

Where, tn, ts, and tt are the cohesive tractions in the normal and tangential directions respec-
tively. The cohesive strengths in the normal directions are represented by t◦

n and the shear
strengths by t◦

s and t◦
t .

The damage evolution for both delamination and matrix cracking is defined using the mixed-
mode power law since this method showed a good correlation with experiments in [12]. The
Power law failure criterion is given by,
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GC
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+
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GC
t

)α

= 1

Where, GC
n , GC

s , and GC
t are the fracture energies determined for the cohesive interface in

mode I, mode II, and mode III. Gn, Gs, and Gt denote the work done by the tractions in
the normal and shear modes respectively. Failure occurs when the total work done by the
reactions (GT ) is equal to the mixed-mode critical fracture energy (GC). This occurs when
the above expression is satisfied.

4.5 Non-Linear Solution Method

Modeling cohesive cracks is a highly non-linear problem that is prone to convergence issues.
ABAQUS uses the Full Newton-Raphson procedure by default to find the root of the equi-
librium equations. The full Newton-Raphson is a robust method that provides quadratic
convergence when the initial guess is within the radius of convergence, otherwise results in
divergence. Techniques such as line search or quasi-Newton approach can be employed in
ABAQUS to avoid non-convergence of the results. The quasi-Newton solution method mini-
mizes the cost of computing the inverse of the tangent stiffness matrix or the Jacobian matrix
for every iteration. This method employs the BFGS algorithm to approximate the Jacobian.
ABAQUS does not update the Jacobian in every iteration, rather the matrix is updated after
8 iterations or when the increment is reattempted due to non-convergence, thus reducing the
computational effort. This method is suitable when the tangent stiffness matrix does not
remain positive definite, which may occur during post-buckling or damage simulations.

However, the full Newton-Raphson method can yield converged results if the default solution
control parameters are modified. The relevant parameters used in ABAQUS are listed below:

1. I0: This is the iteration after which ABAQUS checks whether the residual is increasing
after two iterations. By default, the fourth iteration (I0 =4) is after which the check is
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made. If the residual increase is found, the increment is attempted again with a smaller
increment size.

2. IR: The iteration after which logarithmic convergence is checked for every iteration. The
default iteration number is 8, that is the check is performed from the ninth iteration
onwards.

3. IC : This is the maximum number of Newton-Raphson iterations allowed within an
increment. If convergence is not achieved, the increment is repeated with a smaller
increment size. The default is 16 iterations.

4. IL: If the number of increments exceeds this limit, the size of the next increment is
reduced. By default, this limit is 10.

5. IG: If two consecutive increments converged with fewer increments than IG, then the
subsequent increment uses a larger increment size. By default, if less than or equal
to 4 iterations are required for two consecutive iterations, the next increment size is
increased.

6. IA: Maximum number of cut-backs allowed for an increment. The default is 5

In the current study, the above values are modified as shown below:

Figure 4.2: Modified parameters are highlighted with asterisk

Furthermore, the tolerances related to the norm of the residuals (Rα
n) and displacement cor-

rections can also be modified to improve the convergence rate. The default values are 0.5%
and 1% respectively. However, these values are not modified in the present study.

4.6 Loads and Boundary Conditions

The clamps in the test specimen are used to restrict the longitudinal and vertical displacement
of the test specimen. In the finite element model, partitions were created on the top and
bottom sub-laminates to constrain all degrees of freedom to simulate the clamped boundary
condition, that is U1 = U2 = U3 = 0. Note that the longitudinal direction of the laminate,
that is the fiber direction is aligned along the Z-axis in ABAQUS, therefore U3 represents
the displacements along the longitudinal direction. A more accurate representation of this
boundary condition can be obtained by modeling the clamps and defining contact with friction
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Figure 4.3: Load applied at L/a0=1

between the clamp and laminate surfaces. However, this would increase the computational
time, therefore, this has been ignored in the present study.

The out-of-plane load has been applied on a set of nodes on the top laminate. These nodes are
located at a distance (L) which is equal to the pre-crack length (a0) as shown in Figure 4.1.
A displacement-controlled load of 1.5 mm is applied to these nodes since crack migration, if
predicted accurately, would occur much earlier as observed in the literature.

4.7 XFEM Enrichment

Since the crack migration phenomenon is observed due to the presence of matrix cracking in
the stack of 90◦ plies, the elements in this part are enriched with XFEM in ABAQUS. This is
done in the interaction module of ABAQUS. The default XFEM enrichment in ABAQUS only
allows one crack to initiate and propagate within the enriched region. However, this default
setting leads to severe convergence difficulties due to the presence of secondary matrix cracks
that initiate when the delamination propagates in the lower 90/0 interface. This issue was
overcome by modifying the keywords to account for multiple cracks in the enriched region.
This is shown below:

Default method:
*Enrichment Activation, name=Crack-name, activate=ON

Modified keyword:
*Enrichment Activation, name=Crack-name, activate=MULTICRACKS

The above keyword allows XFEM in ABAQUS to handle multiple cracks and is useful for
composite plies since secondary cracks are commonly observed. Using this keyword also
alleviates the need to partition the domain into multiple enriched regions.

4.8 Mesh

As mentioned earlier, the top and bottom laminates were modeled using solid elements with
one row of elements for the entire layup. The mesh was refined near the crack tip and coarse
mesh was used near the clamped ends. An element size of 1mm was present close to the crack
tip while the element size at the clamped end was 3mm.

The solid elements for the three parts 904, 03 and 0 were meshed with uniform element sizes.
Initially, a mesh convergence study is performed to determine a suitable mesh size for these
parts. One layer of elements is used for each ply in these parts, hence, the thickness of the
elements is equal to the ply thickness, which is 0.12mm. To obtain the best results using solid
elements, the aspect ratio would need to be 1 which is not feasible in this simulation. The
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element sizes that were checked for mesh convergence were 0.4, 0.5, 0.6, and 0.7mm. For all
these cases, the aspect ratio of the elements is less than 10, which is within the acceptable limit.
Element sizes smaller than 0.4 was also checked but were aborted due to significantly high
computational time ( 70 hours with 20 cores)for much lower applied displacements ( 1.3mm).

Figure 4.4: Mesh and stacking of Crack Migration model

For delamination, the length of the cohesive element is a crucial parameter due to the high
mesh dependency. A guideline that is commonly followed is to place 3-5 cohesive elements
within the cohesive zone. Therefore, the length of the cohesive zone for IM7/8552 was calcu-
lated using the following expression:

lcz = M
E33GIC

t2
n

(4.2)

Where E33 is the out-of-plane elastic modulus of the interface material. This is assumed to
be the same as the transverse elastic modulus of the ply E2. The mode I fracture energy
and cohesive strength in the normal direction of the interface material is denoted by GIC

and tn. The parameter M is a constant that takes different values across literature. Here,
M is assigned 0.88 based on the work by Turon et al [29]. Substituting these values in the
above expression results in a cohesive zone length of 0.56mm. This would require a very fine
mesh with approximately 0.18mm element size if 3 elements are used in the cohesive zone.
Therefore, a fine cohesive element mesh with 0.18mm was used for the mesh convergence
study of the ply solid elements.

4.9 Study on the Effect of Cohesive Zone Length

The cohesive mesh used in the mesh convergence for the solid elements required a very large
computational time due to the high number of degrees of freedom. It was shown in [30]
that cohesive zone length may be adapted by reducing the normal strength of the interface
material. This would allow using a coarser mesh for the cohesive interface. The interface
strength is found using,

σN =
√

M
E33GIC

Nele
(4.3)
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Where, Ne is the desired number of elements in the cohesive zone, which is often 3, and le is
the element length. This method applies only to strength-insensitive cases as demonstrated
by Lu et al in [47]. The approach is limited to cases where the laminate consists of any
high-stress gradients due to the presence of crack tips or stress concentration. Since a pre-
crack is present in the migration test specimen, the following parameter studies are done only
by adapting the strengths of the cohesive elements with increasing element lengths. This
parametric study was used to study the effect of interface cohesive zone length on the peak
load and migration location if predicted. Insensitivity to either of these parameters would
allow the use of a coarse cohesive mesh with smaller initiation strengths.

Cohesive zone length and strength for Ne = 3
Desire element size le (mm) 0.19 0.25 0.50

New strength – normal (MPa) 59.72 52.06 36.81
New strength – shear (MPa) 77.10 67.21 52.06

LCZ – New (mm) 0.57 0.75 1.50

Table 4.4: Parameter study based on lcz

In the parametric study outlined above, the ply properties were maintained without modifi-
cation, retaining the transverse strength and fracture energies presented in Table 4.1. This
approach was taken even as the delamination cohesive zone length was adapted. However, it is
important to note that the cohesive segments employed in the XFEM framework could also be
influenced by the cohesive zone length, necessitating careful consideration of this parameter.

Refining the mesh for cohesive elements was found to be infeasible due to the significantly
increased computational time associated with such modifications. Interestingly, strength in-
sensitivity was observed for delaminations when stress concentrations were present. Given
this observation, it can be hypothesized that a similar insensitivity may also apply to the ma-
trix during the modeling of migration events. Therefore, adjusting the cohesive zone length
for the matrix is regarded as a viable alternative, particularly if the current methodology does
not successfully predict migration.

To facilitate this adjustment, the previously discussed expression will be utilized to determine
the matrix strength, allowing for the adaptation of the cohesive zone length associated with
matrix behavior. This approach aims to enhance the model’s ability to capture the complexi-
ties of crack migration and the interactions between different damage modes in the composite
structure.

In summary, while maintaining the original ply properties provides a baseline for compari-
son, the exploration of cohesive zone length adjustments for both delaminations and matrix
cracks represents a critical step in optimizing the XFEM-CZM approach. The following chap-
ter will present the results of these simulations, highlighting the effectiveness of the chosen
methodologies and the insights gained from the parametric study.
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Crack Migration Test - Results

In the first section of this chapter, the results obtained from the mesh convergence study
will be presented. The element length that satisfies the convergence criteria will be used in
the parametric study to evaluate the influence of the cohesive zone length on the migration
phenomenon. The objective is to determine if the modified cohesive zone length affects the
crack migration location (∆). A low sensitivity of this parameter would indicate that a coarser
cohesive mesh may be used, allowing faster simulations with minimum loss of accuracy in
strength-insensitive cases. The subsequent section will present the effect of matrix cohesive
length on the migration phenomenon. Since the cohesive length of the material is extremely
small, placing three solid elements in the cohesive zone requires a fine mesh to capture cohesive
cracks using XFEM. Assuming that the matrix crack that leads to migration is also strength
insensitive, the matrix strength is modified to assess whether the prediction differs from the
earlier cases. The fracture energies used in all these simulations are the same for the matrix
and delamination. However, some studies in the literature have indicated that the orientation
of the adjacent ply influences the fracture energy at ply interfaces. The penultimate section
will present the influence of different fracture energies of the matrix and delamination to
assess its effect on the migration location. The final section is dedicated to the discussion
related to the results obtained.

5.1 Mesh Convergence of Solid Elements

The 90◦ ply block and the zero-plies are meshed using 0.4, 0.5, 0.6, and 0.7mm solid elements
with a single row of elements per ply. Since the cohesive elements are generated using a
separate part in ABAQUS, a refined cohesive mesh with an element length of 0.18mm is used
ensuring three cohesive elements are present in the cohesive zone of the material. The mesh
convergence for the solid elements is done based on the convergence of the peak load. The
peak load plotted as a function of the element length is shown in (Figure 5.1).



46 Crack Migration Test - Results

Le (mm) Peak Load (N) Relative change Difference between reference
current method

0.7 218.819 0% 4.35%
0.6 196.107 10.38% 6.48%
0.5 194.833 0.65% 7.09%
0.4 194.305 0.27% 7.34%

Table 5.1: Comparison of peak load obtained with different solid element lengths

Figure 5.1: Peak Load variation with decreasing element size

The peak force in comparison with the peak load predicted in [40] using the floating node
method (FNM) is presented in the following table. The peak obtained from the FNM simu-
lation in the reference is around 209.7N.

The peak load of 0.7mm is the highest but has the least deviation from the reference result.
The highest deviation of 7.34% is observed for 0.4mm element size. However, the peak load
appears to converge to a lower value with increasing mesh density. The highest relative
difference is observed when the element size is changed from 0.7 to 0.6mm. The least relative
change of 0.25% is obtained when the element length is reduced to 0.4mm from 0.5mm,
indicating that refining the mesh after 0.5mm may not significantly change the peak load. The
peak load predicted by the models with fine mesh could be attributed to the difference in the
boundary conditions between the reference methodology in [40] and the current method. The
reference method modeled contact between the laminate and the clamps which predicts the
deflection of the specimen more accurately. However, the following simulations were carried
out with the nodal displacements in the clamped region being constrained in all directions.

5.2 Effect of Interface Cohesive Length

The above simulations were carried out using the properties from [36] with a cohesive element
length of 0.18mm which is computationally expensive. A coarse cohesive mesh can be used to
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reduce the computational effort but it is necessary to ensure the presence of 3 to 5 cohesive
elements in the cohesive zone. A coarse mesh would also result in the over-prediction of the
peak load and an inaccurate post-peak response. This issue could be alleviated by adapting
the cohesive zone and reducing the initiation strength for delamination. The delamination
at the first interface will largely depend on the fracture energy rather than the strength due
to the presence of the pre-crack as shown in [47]. Therefore, the strengths of the cohesive
elements will be changed while the matrix strength used will remain the same as the original
values. Three cohesive zone lengths of 0.57mm, 0.75mm, and, 1.5mm were selected. Placing
three elements in each cohesive zone results in element lengths of 0.19mm, 0.25mm, and
0.5mm respectively. The first cohesive zone length is approximately the same as the original
case. For the second cohesive zone length, two cohesive elements of 0.25mm will be present
per solid element of 0.5mm while one cohesive element of 0.5mm per solid element will be
present for the third case.

Figure 5.2: Load response curve plotted for varying delamination cohesive zone length

The plot in Figure 5.2 shows the force response for each case and the difference between
the peak force is minimal due to the strength insensitivity of the initial delamination. The
post-peak response is similar until the displacement is approximately 1mm after which a
stable increase in the reaction force followed by an unstable drop in the load is observed
for both cohesive zone lengths of 0.57mm and 0.75mm. The phenomenon occurs repeatedly
for the 0.57mm case. However, for the 0.75mm cohesive length, an unstable load drop is
observed after a displacement of 1.4mm. The load response after the unstable drop in the load
appears to coincide with the FNM curve. The two unstable load drops observed in the FNM
curve correspond to the delaminations observed at the two interfaces. Similar force response
characteristics are observed for the 0.75mm cohesive zone, however, the second unstable drop
in load is delayed when compared with the FNM curve. Since the second unstable response
corresponds to the migration event, this indicates that the migration is significantly delayed.
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The load response for 1.5mm deviates from the other two cases showing no distinct load drops
or stable increase in the load.

Figure 5.3: Deformed configuration of the specimen with coordinate system

The specimen’s deformed configuration is presented along with the coordinate system in
Figure 5.3. The coordinate system will be essential to interpret the contour of the damage
variables in the following figures. The damage variable in the bottom interface is plotted in
Figure 5.4 for the three cohesive zone lengths. In this interface, delamination is observed in all
three models. The length of the delamination is similar for the first two cases. However, for
the 1.5mm case, the delamination appears to terminate in the middle while it propagates near
the free edges. The delamination is also accompanied by matrix cracks in the 904 ply block
plotted in Figure 5.7 and are oriented at an angle that is similar to the orientation observed
in the experiments. The STATUSXFEM variable indicates the severity of the crack opening
where 1 represents a fully opened crack, 0 indicates no crack and any value in between indicates
a partially opened crack or a partially damages matrix. Many partially opened cracks can be
observed in all three cases indicating multiple crack kinking events.

Delamination migration becomes favorable when the kinked matrix crack has degraded com-
pletely. However, migration is said to have occurred when delamination is also observed in the
top interface. The stiffness degradation variable (SDEG) corresponding to the top interface
interface is plotted in Figure 5.5. To assess migration, both Figure 5.5 and Figure 5.7 need to
be considered. Although significant delamination is not observed in Figure 5.5a, the regions
that have a non-zero SDEG value coincide with the matrix where STATUSXFEM is 1. In
the case of 0.75mm cohesive zone length migration is first observed in the mid-width point
of the specimen which coincides with the matrix crack in the ply block. However, complete
degradation of the matrix crack near the free edges is not observed and the delamination con-
tinues to propagate at the bottom interface. The subsequent matrix crack in the 904 ply block
degrades uniformly across the width which becomes favorable for migration. This results in
delamination across the width of the top interface of the specimen as observed in Figure 5.5b.
In the case of 1.5mm cohesive zone, the matrix crack degrades only in the middle similar to
the first matrix crack observed in the 0.75mm case. The delamination in the bottom interface
terminates at this location since migration becomes favorable. The delamination in the top
interface can be observed in Figure 5.5c. The region of this delamination is consistent with the
location where the matrix crack has completely degraded. Migration can be captured in the
models corresponding to 0.57mm and 1.5mm cohesive zones with further loading. However,
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migration is expected to occur at a distance of 8-9mm as observed in experiments as well as
in [40]. In the three cases above, migration and kinking attempts are observed much later.

(a) Le=0.19mm (b) Le=0.25mm (c) Le=0.50mm

Figure 5.4: Damage in the bottom 0/90 interface cohesive elements

(a) Le=0.19mm (b) Le=0.25mm (c) Le=0.50mm

Figure 5.5: Damage in the top 90/0 interface cohesive elements

The first attempt of crack migration or crack kinking for the three cases is plotted in Figure 5.6.
The values in the plot are the locations where delamination in the bottom interface terminates



50 Crack Migration Test - Results

Figure 5.6: Migration location as a function of Cohesive Zone Length

and the first attempt of migration occurs due to the degradation of the matrix crack. For the
0.75mm case, the location where the crack migration is plotted since it is the only model that
predicts migration. The horizontal line at ∆ =8mm represents the location at which migration
is often observed in experiments. The distance is measured from the pre-crack front. The ∆
for each case is almost 3 times the distance observed in experiments. The difference in the
locations does not vary significantly. The difference between the crack kinking location for
0.57mm and 0.75mm case is 0.5mm which is equal to the solid element length which indicates
minimal variation in the crack kinking location. Although migration is captured in only one
of the three cases, crack kinking attempts is observed in all the cases at a distance far behind
the expected migration location. Almost no matrix crack degradation is observed close to the
location where migration is expected.

Matrix cracks are also observed at a distance of 8-9mm from the pre-crack front however they
are confined to the first layer of elements and do not extend across the width of the specimen
nor grow through the thickness. These cracks do not degrade further and hence do not create
favorable conditions for crack migration. Crack nucleation in the solid element occurs only
when the LaRC05 failure criterion is satisfied. The stress concentration due to the delamina-
tion initiates a matrix crack in the first layer of elements. The stress concentration due to the
degradation of the matrix crack in the first layer would initiate cracks in the elements above
the first ply resulting in crack growth through the ply block. Crack degradation in an element
would also initiate matrix cracks in the adjacent element within the same layer resulting in
crack growth across the width. However, crack growth does not seem to occur uniformly
across the width in the above simulations. For instance, the degradation of matrix crack is
only confined to the middle elements in the first layer as seen in Figure 5.7a. This could be at-
tributed to inaccurate energy dissipation when the crack grows across the width. The matrix
crack degradation follows the extrinsic traction-separation law, which means mesh refinement
in the matrix cohesive zone would be necessary for accurate energy dissipation during the
damage evolution. One layer of element per ply provides sufficient refinement through the
thickness since the cohesive zone is much larger than the ply thickness, therefore mesh must
be refined across the width. However, further mesh refinement resulted in a computationally
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expensive simulation. Therefore, in the subsequent section, adapting the matrix cohesive zone
is explored as an alternate strategy to predict migration using the current mesh configuration.

(a) Le=0.19mm (b) Le=0.25mm

(c) Le=0.50mm

Figure 5.7: Matrix crack in 904 ply block

5.3 Effect of Matrix Strength

The solid element length obtained from the mesh convergence study was 0.5mm whereas
the cohesive zone length of the matrix material is 0.56mm. Placing three elements in the
cohesive zone would require solid elements as small as 0.18mm. This simulation was found
to be computationally expensive. As an alternate approach, the cohesive zone length of the
matrix was adapted by reducing the transverse strength and the shear strength of the ply.
The new transverse and shear strengths for the matrix crack, which were calculated at least
three elements in the cohesive zone, are 33.61 MPa and 43.38 MPa. The cohesive zone length
for this case is 1.8mm. The same initiation strengths were assigned to the cohesive elements
as well since the peak load was found to be strength-insensitive. In addition to the above
simulation, another simulation was conducted where the matrix crack strength was 1.2 times
the delamination strength, which resulted in a transverse strength of 40.32MPa and 52.05MPa
and the resulting cohesive zone length was 1.25mm. The objective of this section is to observe
whether the lower initiation strength promotes migration at a distance of 8-9mm from the
pre-crack as observed in experiments.

The plot in Figure 5.8 shows the force response of the specimen for the two modified strengths
in comparison with the previous simulations where the delamination cohesive zone length was
0.75mm and matrix strengths were not modified. The peak load in all three cases is the same
since the initial delamination is not sensitive to the initiation strength. The force response
for the matrix strength of 40.32 MPa is almost similar to the unmodified matrix strength
case, indicating that the migration likely occurs at the same location. However, in the case
of a matrix strength of 33.6 MPa, two peaks are observed after the first peak. The first peak
after the delamination occurs at an approximate displacement of 0.9mm after which there is
a stable increase in the force before an unstable drop in the load is observed at a displacement
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of 1.3mm. To understand what these peaks represent, the sequence of damage predicted by
the simulation was observed.

Figure 5.8: Force Response with modified matrix strength

In Figure 5.9, the matrix crack growth corresponding to the different stages of the force
response is presented. The first linear stage of the force response has no significant matrix
cracks and the load drop only corresponds to the delamination growth at the bottom interface.
In the second stage, the second peak and unstable drop in the load are accompanied by a
matrix crack degradation. However, as shown in the figure, the orientation of the matrix crack
with respect to the delamination growth direction is greater than 90◦. This orientation of the
crack does not enable migration, and is likely caused by negative shear stresses. On further
loading, the subsequent matrix cracks that initiate are oriented with a θ less than 90◦, which
is favorable for migration. In the final stage of the force-displacement curve, the unstable
drop in the load indicates the degradation of the matrix crack which enables migration. The
matrix crack observed in the second stage propagates through the thickness of the specimen.
The propagation of this matrix crack through the thickness results in the termination of the
delamination in the bottom interface and results in a delamination at the top interface.

Although the force responses for the matrix strengths of 40.32MPa and 60 MPa are similar,
the migration location is significantly different as shown in Figure 5.10. The migration for
the transverse strength of 33.6MPa occurs at 18.5mm and for the transverse strength of 40.32
MPa is observed at 18mm as shown in Figure 5.10a and Figure 5.10b. The migration is
delayed by one element for the 33.6MPa case. However, for 60MPa, the migration is observed
at a distance of 21.75mm and the offset is almost 3-3.5mm, which is roughly 6-7 elements
in the longitudinal direction. The early migration observed in the 40.32 MPa case does not
justify the force response being similar to the 60 MPa case. One can observe that the offset
of 3-3.5mm is equivalent to the crack spacing observed in all three simulations in Figure 5.10.
Matrix cracks initiate every 6-7 elements as the delamination grows and this spacing does
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Figure 5.9: Sequence of damage and migration for matrix strength of 33.6 MPa and 43.8 MPa
shown along with force response

(a) Transverse Strength = 33.6MPa, Shear Strength = 43.38MPa

(b) Transverse Strength = 40.32MPa, Shear Strength = 52.05MPa

(c) Transverse Strength = 60MPa, Shear Strength = 90MPa

Figure 5.10: Crack Migration location for each case
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Figure 5.11: State of damage in the specimen corresponding to the peak before second unstable
load drop for the case of matrix strength of 40.32 MPa

not change with variation of the matrix strength. Migration occurs when one of these cracks
degrades completely across the width and thickness. For 33.6MPa only one matrix crack
with the correct orientation appears to degrade completely across the width at a distance of
18.5mm. However, for 40.32 MPa, a second matrix crack degradation can be observed behind
the migration location in Figure 5.10b. This crack occurs at a distance of 21.75mm which
coincides with the migration location of 60 MPa, however, this matrix crack does not result
in migration. To understand what causes the similarity in the force response with the 60 MPa
case, the sequence of damage for the 40.32 MPa case was studied. The damaged state of the
90◦ ply block before migration is presented in Figure 5.11. The cohesive elements behind the
first degraded matrix crack are undamaged while significant delamination is observed near
the free edges where the matrix has not degraded. As this delamination grows at the free
edges, a new matrix crack is initiated 6 elements behind the first degraded matrix crack. This
new matrix crack grows through the thickness, however the crack does not grow across the
width. The progressive degradation of both the matrix cracks results in a stable increase in
the reaction force as the specimen is loaded further. However, on further loading the first
matrix crack fails across the width and results in migration. In the case of 60MPa, a similar
damage sequence is observed. The undamaged cohesive elements behind the first matrix crack
fail on load application and the subsequent migration occurs through the second matrix crack
which occurs at a distance of 21.75mm.

The migration location predicted by the two simulations presented in this section does not
correlate well with the expected distance of 8-9mm. A matrix crack with a correct orientation
(θ ≤ 90◦) initiates at a distance of 12mm. However, this crack does not grow through the
thickness and is not favorable for migration. Although different strengths were used in the
study presented above, the matrix crack nucleation sites were the same as in the 60MPa
case. The crack spacing between the nucleation sites remained the same for all cases. The
migration locations for 33.6MPa and 40.32MPa are almost the same, however, the sequence
of damage and force response are similar for the 40.32 MPa and 60 MPa matrix strengths.
Migration attempts were also observed at 18.5mm in the case of 60 MPa. However, migration
was delayed since delamination was energetically favorable. Therefore, migration is promoted
only when the energy release rate of the matrix crack exceeds the fracture energy of the matrix
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Figure 5.12: Matrix Crack Profiles in 90◦ ply block with matrix strength of 33.6 MPa

as well as the energy release rate of the delamination. Therefore, one could conclude that a
lower matrix fracture energy would promote delamination migration while a higher fracture
energy would result in a delay. A low matrix strength would result in more nucleation sites
thus promoting migration through the matrix crack in these sites. To test whether this is
true, a parametric study would be required where the matrix cohesive parameters are altered
while the delamination properties are held constant.

In the case of 33.6 MPa, secondary cracks are initiated and oriented incorrectly as shown
in Figure 5.9. The degradation of these cracks resulted in inaccurate force response of the
specimen. The initiation of these cracks may be attributed to inaccurate shear stresses in
the solid elements since full integration elements used in these simulations are prone to shear
locking. Furthermore, subsequent matrix cracks shown in Figure 5.12 were not uniform across
the width and do not seem realistic. The reason behind the formation of such cracks could
not be identified. Initiation and degradation of such cracks are not desirable for a parametric
study. In the following section, the effect of mesh discretization through the thickness of
the stack of 90◦ plies and the influence of the element integration scheme on the migration
prediction will be studied to observe whether such inaccuracies are predicted.

5.4 Thickness Discretization and Integration Scheme

Since complex matrix crack profiles were predicted in the models used in the previous section,
the above simulation with the matrix strength of 33.6MPa was repeated with a single layer
of element through the thickness of the ply block. This was done to study whether similar
inaccuracies in the crack profile are observed when a coarse mesh is used. Additionally,
two more simulations with reduced integration elements were carried out to observe whether
they predict the degradation of incorrectly oriented matrix cracks. The first simulation with
reduced integration elements consists of one layer of elements through the ply-block while the
second simulation consists of four layers of reduced integration elements.
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The matrix cracks predicted from the three simulations are presented in Figure 5.13. In the
case of the full integration element, Figure 5.13a, two matrix cracks can be observed where
the second matrix crack has degraded completely across the width. The delamination in the
bottom interface is shown in Figure 5.14a and the delamination in the top interface can be seen
in Figure 5.14b. The first instance of the delamination in the top interface coincides with the
first degraded matrix which is restricted to the mid-region of the crack. Complete migration is
obtained when the second matrix crack fails resulting in delamination propagating in the top
interface. The matrix cracks propagate along the same row of elements and do not display any
significant variations. There are also no partially degraded secondary cracks observed in this
simulation and the migration occurs at a distance of 20.7mm. However, the first migration
attempt occurred 8mm earlier since the crack spacing is roughly 8mm in this case.

(a) Single C3D8 element (b) Single C3D8R element

(c) 4 C3D8R element

Figure 5.13: Migration predicted with single element through the thickness

(a) Cohesive Elements in Bottom
0/90 interface

(b) Cohesive Elements in Top 90/0
interface

Figure 5.14: Migration predicted with single element through the thickness
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(a) Cohesive Elements in Bottom
0/90 interface

(b) Cohesive Elements in Top 90/0
interface

Figure 5.15: Migration predicted with single reduced integration element present through the
thickness

In the case of the coarse reduced integration element, only a single matrix crack degrades and
results in migration as seen in Figure 5.13b. However, the first instance of delamination in the
top interface observed in Figure 5.15b does not align with the location where the matrix crack
occurs. The delamination predicted occurs at a distance of 16.5mm however the deformation
of the specimen is not accurate since a single reduced integration element does not capture the
bending behavior of the upper sublaminate accurately. Therefore, the delamination observed
at the top interface does not align with the location where the matrix crack fails.
Four layers of reduced integration elements captured the bending behavior more accurately.
The resulting matrix cracks for this model, are shown in Figure 5.13c. Multiple matrix
cracks initiate in the specimen throughout the loading sequence, and migration occurs at a
distance of 18.7 mm which is similar to the migration location observed with four layers of
full integration elements. Complex crack surfaces and degradation of cracks with incorrect
orientations were not observed in this simulation.
The degradation of secondary cracks observed in the refined full integration elements might
not be a realistic phenomenon or at least, is not reported in the literature. The discontinuity
introduced by XFEM in the bulk elements is only an artifact of the initiation criterion being
satisfied due to the stress state of the bulk material when the specimen is loaded. In the
experiments, the effect of negative shear stress is predominantly observed in the 0/90 interface
close to the pre-crack when delamination initiates in the specimen. The authors of [1] report
shear hackles in the delaminated surface close to the pre-crack which is a result of the shear
stress in the interface. The crack originating from the PTFE insert attempts to propagate
into the lower 0◦ ply, however, the lack of energetically favorable conditions forces the crack
to propagate in the interface as a delamination. In this region, the crack propagates in a
mixed-mode condition up to a certain distance after which the delamination is mode I. This
phenomenon at the ply interface cannot be captured accurately by the FEM model since the
failure of the matrix and delamination are treated separately. However, the negative shear
stress that results in shear hackles could have manifested itself as an XFEM crack which
resulted in degradation in the solid elements. Since this is an extremely local phenomenon,
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(a) Cohesive Elements in Bottom
0/90 interface

(b) Cohesive Elements in Top 90/0
interface

Figure 5.16: Migration predicted with four layers of reduced integration element

this event could have been captured only when a fine mesh is used with full integration
elements and when sufficient elements are present in the cohesive zone. The three cases
present in this section do not provide sufficient fidelity to capture this local phenomenon,
therefore degradation of secondary cracks may not be observed.

To study the effect of matrix cohesive parameters on migration more accurately, it may not
be ideal to use full integration elements in the current model. This is to avoid capturing local
stress fluctuations that influence the subsequent damage events as well as the global response
of the laminate. Full integration elements present across the thickness of the element can
provide sufficient resolution for the stress state of the plies and even predict an accurate
matrix crack across the width of the laminate. The matrix cracks predicted by reduced
integration elements also appear to be sufficiently accurate in terms of the orientation of the
crack. The model with reduced integration elements allows capturing the migration event
fairly accurately without degradation of secondary cracks or complex crack profiles therefore,
the following parametric study was done using the model.

5.5 Parametric Study

Earlier sections indicated that lower matrix strength results in more nucleation sites, however,
migration occurred when the delamination was not energetically favorable. Different matrix
strengths and fracture energies were used to determine what parameter delays or promotes
migration. The matrix strengths and fracture energies ratios used in this parametric study
are presented in Table 5.2. The strength ratio refers to the ratio between the matrix crack
strength to the interlaminar strength. Similarly, fracture ratio refers to the ratio of fracture
energy between matrix fracture energy and interlaminar fracture energy. The interlaminar
strength and fracture energies were held constant for all the cases.



5.5 Parametric Study 59

Strength
Ratios

Transverse
Strength
(MPa)

Shear
Strength
(MPa)

GIc GIIc
Fracture Energy

Ratio

0.8 26.88 34.704
0.168 0.616 0.8
0.21 0.77 1
0.252 0.924 1.2

1 33.6 43.38
0.168 0.616 0.8
0.21 0.77 1
0.252 0.924 1.2

1.2 40.32 52.056
0.168 0.616 0.8
0.21 0.77 1
0.252 0.924 1.2

1.5 50.4 65.07
0.168 0.616 0.8
0.21 0.77 1
0.252 0.924 1.2

Table 5.2: Parametric Study with constant delamination properties

The migration location as a function of the strength ratio is presented in Figure 5.17. The
three curves correspond to each fracture energy ratio. When the strength of the matrix is 1.5
times the interlaminar strength, the location of migration does not change with an increase
in the matrix fracture energy and the migration occurs at a distance of 23.7mm.

The earliest migration location is obtained for both strength ratios of 0.8 and 1 when the
fracture energy ratios are 0.8 and 1. A lower fracture energy does not seem to promote
migration. For the fracture energy ratios of 0.8 and 1, an increase in the matrix strength
delays the migration. In the case of strengths ratios of 0.8 and 1, the difference in the
migration location is 0.5, which is again an offset of element. However, for a strength ratio
of 1.2, the migration is offset by almost 1.5mm, which is equivalent to three elements.

The migration in the specimen for strength ratios of 0.8, 1, and 1,2 are presented for the
fracture energy ratio of 0.8 in the following Figure 5.18. It can be seen that migration occurs
at the same location for strength ratios of 0.8 and 1, however, migration attempts occur
much earlier for these cases. This is represented by the degraded elements present through
the thickness. Migration does not occur through these elements despite lower matrix fracture
energy. These matrix cracks are arrested near the top interface thus delaying migration.
Another aspect that can be observed is, that the crack spacing remains the same for all three
strength ratios, however, the location where the crack is initiated is offset by 2 elements
for the strength ratio of 1.2. The first migration attempt for a strength ratio occurs at
a distance of 17.2mm, however, the migration is delayed due to delamination being more
energetically favorable and since the crack spacing is constantly 3-3.5mm, the migration occurs
at distance 20.2mm. In all cases, migration appears to be a function of this crack spacing.
Note that no non-default crack spacing was introduced in the modeling step, however, the
strength-insensitive crack spacing seems to determine where the migration is favorable. If
a certain matrix crack does not degrade fully, the migration is delayed by 6 elements. The
location where the first matrix crack with correct orientation appears to determine where the
subsequent matrix cracks will initiate. However, a lower matrix crack allows initiation cracks
through the thickness at a lower load while a higher matrix strength restricts the number of
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crack nucleation sites through the thickness. This finding seems to rule out the possibility of
migration being insensitive to matrix strength.

Figure 5.17: Effect of matrix strength and fracture energy on the location of migration

Since the fracture energy ratio of 0.8 and 1 result in the same trend for the location where
migration is predicted, a higher matrix fracture energy was considered. The ratio of matrix
fracture energy to delamination fracture energy of 1.2 was simulated for the four strength ra-
tios. The hypothesis was that a higher fracture energy would delay the migration significantly
for all strength ratios. In Figure 5.17, one can observe that this hypothesis holds true only
for strength ratios of 0.8 and 1. For the strength ratio of 1.2, the migration was predicted
at 18.7mm. Assuming this simulation resulted in an outlier, strength ratios of 1.1 and 1.3
were also tested. The migration for these cases occurred at a distance of 18.2 and 21.2mm
respectively. The migration location for the fracture ratio of 1.1 was offset by 0.5mm when
compared to the location for the ratio of 1.2 which is equivalent to one element length. The
offset for the ratio of 1.3 is 2.5mm which is almost equivalent to the crack spacing. This find-
ing again reinforces the notion that the crack spacing determines the location where migration
is likely to occur after a failed attempt. This crack spacing appears to be a mesh-dependent
parameter that could not be controlled. The location of the first matrix crack depends on
the matrix strength, however, subsequent matrix cracks occur at discrete distances equivalent
to the crack spacing. Further mesh refinement would be required to determine whether the
crack spacing is mesh-dependent.

5.6 Discussion

In the first section of this chapter, a detailed mesh convergence study for solid elements
was conducted to ensure accuracy in predicting the peak load response. From this study,
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(a) Strength Ratio = 0.8

(b) Strength Ratio = 1

(c) Strength Ratio = 1.2

Figure 5.18: Crack Migration location for each case

an element length of 0.5mm was selected, as it met the convergence criteria effectively. The
material used in the study, IM7/8552, was found to have a cohesive zone length of 0.56mm,
which necessitated the use of a highly refined cohesive mesh to model delamination. However,
the fine mesh significantly increased computational costs, with the simulation time extending
to approximately 70 hours using 20 computational cores. Despite these efforts, the model
failed to predict crack migration, even though material properties from existing literature
were applied. As a result, it became necessary to examine how the cohesive zone parameters
influenced the model’s ability to predict migration. To address this, a study on the effect of co-
hesive zone length on delamination was carried out. Three different cohesive zone lengths were
considered: 0.57mm (close to the material’s cohesive zone), 0.75mm, and 1.5mm. Simulations
incorporating these three cohesive zone lengths were performed, revealing that migration was
successfully predicted for the 0.75mm case under the applied load conditions. However, in all
three cases, migration attempts were observed, though they occurred at distances 2-3 times
greater than those recorded in experiments (8-9mm).

Another important observation was that no matrix degradation was found near the pre-crack
front, which was essential for initiating the crack migration closer to the actual crack tip. This
led to the conclusion that a finer mesh would be required to accurately capture matrix crack
growth across the width of the specimen, particularly near the pre-crack front. However,
since further mesh refinement was computationally prohibitive, the strategy shifted toward
reducing the matrix strength. This adjustment was intended to modify the matrix’s cohesive
zone length, allowing the model to achieve sufficient refinement in the cohesive zone without
an excessively fine mesh. The subsequent simulations focused on evaluating the impact of
reduced matrix strength on migration. It was discovered that lowering the matrix strength
encouraged crack migration at a much smaller distance, bringing the predicted location closer
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to experimental observations. Despite this improvement, the migration location remained
approximately 2-3 times farther than what was observed in physical experiments. However, for
lower matrix strengths, the distance between the migration points matched the crack spacing.
Another issue encountered during the simulations was the prediction of complex crack profiles
and incorrect degradation of matrix cracks, particularly when using full integration elements
with reduced matrix strength. This led to the formation of incorrectly oriented cracks in the
matrix. Switching to reduced integration elements appeared to alleviate this problem, but
the predicted location of crack migration still remained inaccurate.

Subsequent parametric studies explored the relationship between matrix strength and mi-
gration location. A clear monotonic delay in migration was observed as the matrix strength
increased, provided that the matrix fracture energy ratio was kept constant with respect to
delamination. However, when higher matrix fracture energies were used, this monotonic trend
no longer held, suggesting that the interaction between fracture energy and matrix strength
might be more complex than initially anticipated. Throughout these studies, the crack spac-
ing remained constant, and migration location seemed to depend on this parameter. It was
determined that the crack spacing was a numerical artifact, likely due to the mesh config-
uration, as no specific crack spacing setting was applied within the numerical model. This
suggests that crack spacing is influenced by the discretization of the model, requiring further
investigation with finer mesh configurations to better understand its impact.

Despite these challenges, the combination of the XFEM-Cohesive Elements (XFEM-CE)
method captured the interaction between matrix cracking and delamination sufficiently well.
This indicates that the method is robust enough to simulate complex damage phenomena and
is suitable for application at a structural level. However, the effect of cohesive parameters on
migration and the crack spacing artifacts remains an area for improvement.



Chapter 6

Skin-stiffener - Modeling

The capability of the XFEM-CE method to capture the interaction between matrix cracks
and delamination was demonstrated through a series of simulations of delamination migration
tests in the previous chapter. These simulations also examined how the cohesive parameters of
the matrix crack and delamination influenced the migration location. For thermoset matrix
materials, the cohesive zone was as small as 0.5 mm, leading to high computational costs
when refining the mesh. To address this, an alternative strategy was employed: adapting the
cohesive zone by reducing the material strength. However, thermoplastic composite materials,
known for their significantly higher fracture toughness, result in cohesive zones almost 3 times
larger than that of thermoset composites. This allows for the use of a relatively coarse mesh
while still maintaining experimentally determined material properties.

Given that the XFEM-CE approach can predict the tendency for crack migration, the method
was extended to simulate migration in a stiffened panel subjected to out-of-plane loading. In
regions where migration is expected, solid elements as small as one-third the size of the
cohesive zone are required. To manage this, a global-local modeling approach was adopted.
This chapter details the numerical model of the stiffened panel and the implementation of
this approach.

6.1 Single Stiffener Panel

The panel used in this study is similar to the skin-stiffener studied in [27]. However, only
a single stiffener is modeled to study the crack propagation at the skin-stiffener interface.
The panel geometry is not revealed to maintain confidentiality. The skin is a quasi-isotropic
laminate with 19 plies while the web layup consists of 18 plies. The short fiber filler material
connects the laminates of the stringer and skin, resulting in a butt-joint configuration as
depicted in Figure 6.1. The damage at the skin-stiffener interface was introduced by inserting
a PTFE insert at the mid-length of the stringer during the consolidation process. Since this
method introduces a blunt crack tip, a sharp crack tip was generated through an out-of-plane
indentation on the skin resulting in a longer and sharper crack representative of damages



64 Skin-stiffener - Modeling

Figure 6.1: Panel Geometry and Dimensions

in an airframe during service. This damaged panel was subjected to compressive loads to
evaluate its load-bearing capacity in the post-buckled regime. However, C-scans of the skin
before post-buckling tests reveal delaminations within the skin underneath the skin-stiffener
interface. It may be possible that the indentation process introduced delaminations in the
skin. C-scans of the skin during the post-buckling tests have also shown this delamination
propagates further into the skin along the panel length while no crack growth is observed at
the skin-stiffener interface. It may be essential to account for such damage within the skin in
the numerical simulations of the panel.

In this chapter, the model for the simulation of the out-of-plane indentation will be presented.
The objective is to verify whether the delamination in the skin is a consequence of crack
migration or if it is just the failure of a weak ply interface in the skin. Therefore, a simulation
with just cohesive elements at the skin-stiffener and ply interfaces were conducted without
XFEM. This was done to determine whether delaminations are observed in the skin without
any matrix cracks in the plies. The subsequent simulations included XFEM for the ply
elements. The modeling approach for these simulations is presented in detail in the following
sections.

6.2 Panel Modeling Approach

To predict delamination within the skin, the plies were modeled separately. Given the large
geometry, it would not be feasible to model the plies individually for the entire length and
width of the panel. Therefore, a global-local approach was followed, where the outer +/-45◦

plies were modeled separately as done in [46]. The material for the global model of the panel
was specified using a composite layup definition. Two models 1 and 2 were created using the
approach as shown in Figure 6.2a and Figure 6.2b. The skin region in blue in both models
was modeled using continuum shells with composite layup definition. The filler material and
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(a) Panel Model 1 (b) Panel Model 2

Figure 6.2: Panel Models

the web region are the same in both models. The local model is located at the central region
in Panel Model 1 shown in Figure 6.2a. Panel Model 2 Figure 6.2b was created by modeling
the region beneath the PTFE insert using composite layup definition and the local models are
placed only near the pre-crack fronts. The length of the artificial crack is also not specified
for confidentiality. The distance between the local regions in Panel Model 2 was less than the
pre-crack length to prevent unrealistic delamination at the ply interface (shown in the results
chapter).

The first two plies in the local model are meshed using solid elements. The lower sublaminate
of 17 plies is modeled as a separate part using a continuum shell elements and composite
layup definition. The local region was assembled by placing the two solid plies on top of
the sublaminate and these parts are placed inside the global shell model. Cohesive elements
were placed between the skin-filler interface and between the +/-45◦ solid plies. No cohesive
elements were placed in the 40mm pre-crack region at the skin-filler interface. The detailed
view of this local region can be seen in the cross-section view depicted in Figure 6.3. Tie
constraints were defined between all the connecting surfaces. Tie constraints were also used
to connect the local model to the global model as done in [46].

6.3 Material Properties

The thermoplastic skin was manufactured using AS4D/PEKK material. The elastic properties
of this material are taken from [27] and [42]. The material properties are given in Table 6.1
below. The transverse strengths Yt and Yc required for the LaRC05 criterion along with the
mode I and mode II fracture energies were taken from [48]. The BK criterion was used for
damage evolution and the BK exponent of 2.9 was also taken from the previous reference.
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Figure 6.3: Cross-section with details of high-fidelity model

Elastic
Property Value Units Strengths Value Units

E1 126100 MPa Xt 2559 MPa
E2 11200 MPa Xc 1575 MPa
E3 11200 MPa Yt 87 MPa
µ12 0.30 - Yc 284 MPa
µ13 0.30 - Sl 90 MPa
G12 5460 MPa GIc 1.12 KJ/m3

G13 5460 MPa GIIc 2.35 KJ/m3

G23 3700 MPa BK Power 2.9
µ23 0.45 - Knormal,Kshear 4e+6, 1.9e+6 N/mm3

Table 6.1: AS4D-PEKK Elastic Properties, Strengths and Fracture Energies

Assuming the ply interface properties are the same as the matrix properties, the strength and
fracture energies for the cohesive elements in the ply interface were assigned the same values.

For the skin-filler interface, the fracture energy is specified in [27] although, strength values are
not given. It was shown in the previous section that in the presence of a pre-crack the strength
can be modified based on the desired element length assuming three cohesive elements are
present in the cohesive zone. In this simulation three elements of 0.5mm in the cohesive zone
result in a cohesive zone length of 1.5mm. This is equivalent to the cohesive zone length of
the AS4D-PEKK determined material using the properties presented in the table above. The
normal and shear strengths obtained assuming a cohesive zone length of 1.5mm were 95.1
MPa and 110.73MPa. This is similar to the strength used in [42]. The cohesive parameters
used for cohesive elements at this skin-filler interface are presented in the following Table 6.2.
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Property Value Units
GI 1.4 kJ/m3

GII 1.9 kJ/m3

BK 2.3
Snormal,Sshear 95.1, 110.73 MPa
Knormal,Kshear 2e+5, 1.6e+5 N/mm3

Table 6.2: Skin-stiffener interface properties

The penalty stiffness for the cohesive elements is determined using the following expression
recommended in [30]. Here, h refers to the substrate thickness and E33 is the out-of-plane
elastic modulus of the substrate. Here E33 is assumed to be the transverse elastic modulus
specified in Table 6.1. For the skin-stiffener interface, the h is assumed to be the nominal
thickness of the skin which is 2.62mm whereas the h is the ply thickness for the ply inter-
face, which is 0.138mm. This approach results in the normal and shear penalty stiffness
(Knormal,Kshear) presented in Table 6.1 and Table 6.2.

Knormal = 50E33
h

Kshear = Knormal
GIC

GIIC

(
Sshear

Snormal

)2

6.4 Mesh

The skin and the web are meshed with continuum shell elements of length 4mm. The solid plies
are meshed with reduced integration solid elements (C3D8R) along with stiffness hourglass
control. The element size for the solid elements is 1mm, which results in an aspect ratio of
7.2. The lower plies part in the high-fidelity region is meshed with 1mm continuum shell
elements. Since the cohesive zone length is almost 1.5mm, cohesive elements placed at the
ply interface and skin-stiffener interface are meshed with 0.5mm element length. A viscosity
of 1e-6 is defined for the cohesive section to enable convergence during the damage process.
In the simulation with XFEM and cohesive elements, the solid element length in the plies
used was 0.5mm and the cohesive element length used was 0.25mm.

The filler material was meshed with solid elements with incompatible modes (C3D8I) to
capture the bending behavior. However additional partitions were included in the filler to
improve the mesh quality as shown in Figure 6.4. A refined mesh at the foot of the filler was
used (Figure 6.5a) to account for deformations in the filler which would arise due to the panel
curvature during the out-of-plane displacement. In Figure 6.5b, the mesh is refined near the
delamination to capture the stress concentrations arising at the crack tip. In this region, the
element size is approximately 1mm and towards the end, the element size is 2mm. The worst
aspect ratio in this mesh is around 7, which satisfies the guidelines that recommend 10 as the
maximum aspect ratio.



68 Skin-stiffener - Modeling

Figure 6.4: Partitions in Filler Material

(a) Filler Mesh Front View

(b) Filler Mesh Sideview

Figure 6.5: Filler Mesh

6.5 Loads and Boundary conditions

As mentioned earlier, the panel is indented or subjected to an out-of-plane displacement load
such that the artificial crack is extended. The original specimen was subjected to a three-
point bending load with the skin being simply supported. Moreover, the out-of-plane load
is introduced very close to the filler through a cross-head pushing the skin away from the
stiffener on either side of the filler material. This load is distributed over a region that is
as long as the artificial crack. This would likely result in a mode I crack opening initially
and the evolution would depend on the deformed configuration of the panel and subsequent
damage if predicted.

In the FE model, two rows of nodes were selected on the skin and lower plies to simu-
late the simply-supported boundary condition. The out-of-plane displacement is constrained
(U2=0)on these nodes. To ensure a simply supported boundary condition, the longitudinal
displacement is constrained (U3=0) on one row of the support nodes. Additionally, the trans-
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verse displacement U1=0 is applied on the skin as shown in Figure 6.6 to constrain the lateral
displacement of the panel. For the load application nodes were selected on the top surface of
the skin such that the load can be applied close to the filler material as shown in Figure 6.7.
A displacement of 0.5mm is applied on these nodes such that the out-of-plane deformation of
the skin is away from the stiffener enabling the crack opening at the skin-stiffener interface.

Figure 6.6: Panel Simply Supported Boundary Conditions

6.6 Non-Linear Solution Control and Additional Parameters

The full Newton-Rapshon solution procedure was used for the non-linear simulation. The non-
default time incrementation parameters used in the crack migration simulation were specified
here to enable convergence of each increment and ensure completion of the simulations. The
minimum and maximum increments are 1e-15 and 0.1. The MULTICRACKS keyword was
included to allow cracks to initiate multiple XFEM cracks in the matrix. Since the simulations
with XFEM suffered from convergence difficulties initially, the effect of automatic stabilization
was also included in the solution procedure. This would include damping of a factor term to
the global equilibrium equation and enable convergence. The default damping factor of 2e-4
was used in the simulations.

(a) Load on Panel Model 1 (b) Load on Panel Model 2

Figure 6.7: Load Application
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6.7 Studies conducted with the panel

First, the linear response of the models was studied and compared with a model that does
not contain the local refined region. The model without the local refinement is also used to
determine the out-of-plane displacement required to extend the artificial crack to a length
of 70mm since experimental data was not available. The subsequent simulations are carried
out using the model with local refinement. These simulations only predicted delaminations
and no matrix cracks were initiated since XFEM was not activated. The objective was to
determine whether delamination in the skin is a consequence of migration or high interlaminar
stresses. Following this, the solid elements of the outer two plies were enriched. The results
obtained from these simulations are presented in the following chapter.



Chapter 7

Skin-stiffener - Results

This chapter presents the results of the skin-stiffener simulation. The first section focuses
on linear elastic simulations of the panel, excluding non-linearities such as damage, with
the goal of comparing the stiffness differences among the various modeling approaches. The
subsequent section discusses simulations of skin-stiffener separation, where cohesive elements
are introduced at the skin-filler interface. These simulations are used to establish the force
response of the stiffened panel, serving as a benchmark for the subsequent analyses.

Following this, the chapter presents results from two simulations that incorporate delamina-
tion within the skin. These simulations aim to determine whether the observed delamination
is driven by local peeling stresses or is an inherent consequence of the applied loading con-
ditions. Finally, the outcomes of a model that includes enriched elements for XFEM cracks
will be discussed, providing insights into the complex interactions between matrix cracks and
delamination in the stiffened panel.

7.1 Linear Elastic Response

Four levels of model complexities are considered in this section. Model 1 comprises of the
skin, filler, and web-connected through mesh tie constraints. The filler and skin are not tied
in the region where the PTFE insert is present. The second case includes the local model
where the outer 45/-45 plies and the lower sublaminate and no cohesive elements are used in
the model. All the parts are connected through tie constraints. The third model is similar to
the second case, however cohesive elements are included at the filler-skin interface and 45/-45
ply interface in the local model. Damage parameters are not defined for the cohesive elements
to allow the models to deform only in the linear elastic regime. The fourth model utilizes the
same global-local model, however, cohesive elements are used only at the skin-filler interface
whereas the 45/-45 ply interface does not contain any cohesive elements.

The load response of the four models is shown in Figure 7.1. The stiffness of the panel for
the applied load is higher for Model 1, where the skin is entirely meshed using continuum
shell elements. The stiffness of the other models is considerably lower compared to Model 1.
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Case Model Details
1 Model-1 Shell skin, no CE in skin-filler interface
2 Model-2 Local model, no CEs in skin and ply interface
3 Model-3 Local model, includes CEs in both interfaces
4 Model-4 Local, CE only between skin and filler

Table 7.1: Details of the models tested

Figure 7.1: Reaction forces

The stiffness of Models 2 and 3 are not different significantly, however, the effect of including
cohesive elements at two interfaces appears to stiffen the response of the structure. The
response of models 2 and 4 is similar indicating that the presence of cohesive elements at
the ply interface has an influence the response of the model. The local refinement of the
panel introduced some degree of compliance into the structure. However, a comparison with
experimental results would be required to validate the modeling approaches. The deformed
configuration of the panel is presented in Figure 7.2. The deformation magnitude is higher
in the middle of the panel close to the filler material, where the load is applied. The effect of
the simply supported boundary conditions can be seen in the deformed configuration. The
out-of-plane loads on the panel is aimed at extending the crack at the filler interface. The
following sections present the response of the panel when damage is included in the model.

7.2 Crack extension at skin-filler interface

This section includes cohesive elements at the skin-filler interface in Model 1. Cohesive
elements are not placed in the pre-crack region. The out-of-plane displacement of 0.5mm is
applied and the response of the panel is obtained through the simulation.

The force response of the skin-stiffener is plotted in Figure 7.3. The panel seems to respond
linearly up to a displacement of 0.36mm where the peak reaction force is 3.8kN. Following
this peak, a significant drop in the load is observed followed by a series of unstable drops in
the load and a stable increase in the reaction forces. This response of the reaction force is
accompanied by damage in the cohesive elements. The final damaged state of this interface
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Figure 7.2: Deformed Configuration of Model 1

Figure 7.3: Force response of skin meshed with shell elements

is shown in Figure 7.4a. The elements highlighted in red are elements where the energy
has not been dissipated and the failed elements are transparent (highlighted in pink). The
damage region is more concentrated in the middle section of the interface, likely due to the
increased stiffness of the web and filler material in this area. The higher stiffness in the
central region amplifies stress concentrations, leading to more pronounced damage compared
to the surrounding areas. The crack extends to 8.5mm on both sides resulting in the pre-crack
of 40mm extending to a length of 57mm. The crack extension is predominantly mode I as
shown in Figure 7.4b. Experimental data regarding this step is not available for verification
or validation, however, the result of this simulation provides some details regarding the nature
of crack propagation and the response of the load that could be expected from the simulations
with local refinement.

7.3 Ply Delamination Modeling

After establishing the load response characteristics of the skin-stiffener panel, simulations were
performed using a local model without the inclusion of XFEM to ensure that delaminations
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(a) (b)

Figure 7.4: (a)Damaged cohesive elements in skin-filler interface (b)Mode Mix ratio of the
damage in the interface

did not arise from high interlaminar stresses at the ply interfaces. In these models, a viscosity
of 1e-6 was applied to the cohesive elements, and a damping factor of 2e-4 was introduced
through automatic stabilization in the step definition. As detailed in the previous chapter,
the dimensions of the local model were specified, with particular emphasis on ensuring that
the distance between the local regions in Panel Model 2 was shorter than the pre-crack length.
In this section, results for the same model are presented, with the distance set equal to the
pre-crack length as well.

The damage in the skin-filler interface for Panel Model 1 is shown in Figure 7.5a. The crack
extension predicted by this model was 6mm, which results in a total length of 46mm. The
damage in the 45/-45 ply interface can be seen in Figure 7.5b. Damaged regions are localized
and coincide with the load application points. The maximum damage variable is 0.96 which
indicates that there is no interlaminar failure in this region. Further mesh refinement could
reveal whether damage is observed in this region. However, the model does not predict any
delamination in the region underneath the filler material, which rules out the possibility of
delamination in the skin occurring due to high interlaminar stresses.

The damage predicted in Panel model 2 with the distance between the local models set equal
to the pre-crack is presented in Figure 7.6c and Figure 7.6a. This model predicts lesser
damage in the skin-filler interface with almost no crack extension and failure occurs only in a
few elements close to the crack front. However, this model predicts significant delamination
in the 45/-45 interface elements, shown in Figure 7.6c.

When the distance between the local model is reduced such that the pre-crack front lies within
the high-fidelity region, the damage predicted in the skin-filler interface is significantly longer
than what was observed earlier. The damage at this interface is shown in Figure 7.6b, and
the crack length is 47mm. Moreover, this model does not predict any delamination in the
45/-45 interface elements and the failure index in this interface is much less than 1 indicating
no sign of delamination onset, shown in Figure 7.6d.

The extensive delamination predicted by the model with the coincident high-fidelity regions
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(a)

(b)

Figure 7.5: (a)Damaged cohesive elements in skin-filler interface (b)Damage in 45/-45 interface

could have been a consequence of the modeling strategy. Mesh ties were used to constrain the
degrees of freedom of the local model to the global skin model. However, significant peeling
stresses developed in the cohesive elements placed at the ply interfaces. The large deforma-
tions of the cohesive elements closer to this region can be seen in the deformed configuration
of the high-fidelity section in Figure 7.7a.

However, these simulations present an issue with the force response shown in Figure 7.8: no
load drop is observed following the onset of damage. Instead, the load increases as soon as
damage initiates and continues to rise to unrealistic levels. The force response is only presented
up to a displacement of 0.35 mm, as this is the point where unstable crack growth was
observed in the skin-stiffener model meshed with shell elements. This response is unrealistic
and inconsistent with expected behavior in a damage simulation.

To investigate the issue, the various components of energy were analyzed, revealing that the
static dissipation energy associated with automatic stabilization increased exponentially af-
ter damage initiation. This indicates that the default damping factor used in the automatic
stabilization might not be appropriate for this model, contributing to the unrealistic force
response. As a result, an alternative approach will be needed to address convergence issues
without relying on default stabilization parameters, ensuring more accurate damage represen-
tation in the simulations. Therefore. a parametric study on the viscosity in cohesive elements
was carried out and the results are presented in the following section.

7.4 Parametric Study: Viscosity

In this section, the effect of viscosity is considered for the simulation of Panel Model 2.
Automatic stabilization is useful for problems that contain local instabilities such as material
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(a) (b)

(c) (d)

Figure 7.6: (a)Damaged cohesive elements in skin-filler interface in Panel Model 2 with the
distance between local regions equal to pre-crack length (b)Damaged cohesive elements in skin-
filler interface in Panel Model 2 with the reduced distance between local models (c) Delamination
in 45/-45 interface in Panel Model 2 with the distance between local regions equal to pre-crack
length (d) Damaged cohesive elements in skin-filler interface in Panel Model 2 with the reduced
distance between local models

(a) (b)

Figure 7.7: (a)Peeling in ply interface cohesive elements (b)No delamination in skin observed
after the distance between local model was reduced

softening [17]. However, in the current scenario instability such as negative stiffness is observed
during the unstable crack growth when multiple cohesive elements fail. Therefore, increasing
the viscosity was considered a reasonable approach. Three values of viscosity, 1e-6, 1e-5, and
1e-4, are considered for the cohesive elements.

The load response for the three viscosity values is presented in Figure 7.10, compared to the
load response of the shell model discussed earlier. Introducing a viscosity of 1e-4 facilitated
convergence and allowed the simulation to complete in a shorter duration. The load response
for this viscosity shows load drops at various points throughout the loading sequence. How-
ever, a distinct unstable drop in the load was not observed, likely due to the significant viscous
forces introduced during unstable events, such as the failure of multiple cohesive elements.
Despite this, the damage sequence aligns closely with that observed in the shell model.

When a lower viscosity of 1e-6 is specified, convergence issues arise, with the simulation
exhibiting increment sizes in the range of 1e-5 to 1e-7 as it progresses. This suggests that while
lower viscosities might offer more accurate damage progression, they lead to computational
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Figure 7.8: Reaction force for the above three models

difficulties.

Figure 7.9: Force response with different viscosities

Figure 7.10:
Crack ex-
tension

The simulation with a viscosity of 1e-4 predicts a crack length extension of 68mm, which
is much longer than the length predicted by the shell model by 12mm. The failed cohesive
elements shown in Figure 7.10 depict the extension of the pre-crack only on one side since
the crack growth is symmetric on both ends.

This study demonstrates that a sufficiently high viscosity is necessary to achieve faster sim-
ulation completion without compromising accuracy. While reducing the viscosity did not
significantly alter the force response, it introduced convergence issues and slowed down the
simulation process. The results indicate that higher viscosity effectively stabilizes the sim-
ulation, allowing for timely completion, while still providing a force response and damage
sequence consistent with lower viscosity models. In the following simulations, enriched ele-
ments were incorporated into the model to account for matrix cracking, and a viscosity of
was 1e-5 applied for all cracks.
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7.5 Combined XFEM-CE simulations

In this final section of the results for the skin-stiffener simulations, the outcomes of simulations
conducted using the combination of XFEM and standard cohesive elements are presented. The
previous results established critical model requirements, including viscosity and the necessary
out-of-plane displacement for effective crack extension. For this simulation, where XFEM
cohesive segments will be utilized to model matrix cracks, the mesh of the components was
refined. Specifically, shell elements measuring 2 mm were employed near the pre-crack in the
skin, while the solid elements of the 45° and -45° plies were reduced to 0.5 mm to ensure
sufficient refinement in the cohesive zone.

To capture crack migration with adequate precision, the cohesive elements were further refined
to 0.25 mm, even though 0.5 mm would have sufficed for cohesive zone requirements. Material
properties, as detailed in the previous chapter, were applied to the corresponding components,
and all remaining model parameters were kept consistent with earlier simulations.

The delamination at the skin-filler interface is illustrated in Figure 7.11. The crack extension
predominantly occurs near the edges, extending up to 11.25 mm on one side. The maximum
crack length observed reaches 62.5 mm, factoring in the extensions at the edges. However, a
significant area of cohesive elements remains undamaged in the central region, and the crack
profile differs from those seen in previous cases.

Figure 7.11: Damage at the skin-filler interface

The matrix cracks and delamination in the 45°/-45° interface are illustrated in Figure 7.13
and Figure 7.12. The extensive damaged area observed in the 45°/-45° interface indicates
substantial delamination within the skin. Additionally, Figure 7.13 reveals a significant num-
ber of matrix cracks in the 45° ply. The delamination observed at the ply interface occurs
behind the first matrix crack, as shown in Figure 7.14. This suggests that the degradation
of the matrix crack is a precursor to delamination within the skin. Furthermore, most solid
elements exhibit a STATUSXFEM value of 1, signifying notable matrix degradation, which
creates favorable conditions for crack migration. The undamaged cohesive elements at the
skin-filler interface overlaid on the outer 45° ply, are shown in Figure 7.15. The crack ex-
tension within the skin-filler interface terminates near the area of significant matrix crack
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degradation, reinforcing the notion that migration is indeed occurring in the stiffened panel
under out-of-plane loading.

Figure 7.12: Delamination in
45/-45 interface

Figure 7.13: Matrix cracks in
45◦ ply

The force response of the panel is presented in Figure 7.16, where the peak force predicted
by this model is 3.6 kN. Notably, the stiffness of the panel in this simulation is higher than
that observed in the shell model. However, the peak load predicted by both simulations re-
mains comparable. The post-peak response of the XFEM-CE model diverges from that of
the shell model, as the force remains relatively constant with further displacement. After the
peak load, the matrix cracks in 45◦ ply facilitate a path for crack propagation into the skin.
This phenomenon is illustrated in Figure 7.17, where the bulk elements on one side of the
crack exhibit out-of-plane deformation, leading to the initiation and extension of delamina-
tion beneath the ply. Additionally, the cracks are aligned along the fiber direction, and the
orientation of the cracks within the ply enhances the energy dissipation of the matrix crack.

Figure 7.14: Matrix cracks in
45◦ ply overlayed on cohesive el-
ements in 45/-45 interface

Figure 7.15: Cohesive elements
in skin-filler interface overlayed
on 45◦ ply
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Figure 7.16: Force response of the applied load

Figure 7.17: Cross-section and detailed view of matrix cracks in the outer ply which create
favorable conditions for crack migration

7.6 Discussion

The mode I crack extension observed in the shell model does not manifest at the skin-filler
interface when matrix failure and ply delamination are incorporated into the model. In this
scenario, matrix cracks initiate in the outer ply due to significant transverse and out-of-plane
stresses. As loading continues, these matrix cracks degrade, leading to peeling of the material
on one side, which subsequently initiates delamination in the 45°/-45° interface. As a result,
the remaining load is diverted toward extending the delamination rather than propagating the
crack at the skin-filler interface. The crack at the skin-filler interface primarily extends near
the edges, leaving a substantial portion of the material at the interface intact within the ply.
Figure 7.17 illustrates the matrix cracks present in the outer ply. Notably, both delamination
and matrix cracks remain largely confined to the filler region, with minimal extension of the
cracks or ply delamination extending beyond the filler boundary. This behavior suggests that
the higher fracture energy of the filler interface may make crack migration more favorable
than skin-stiffener separation. However, accurately characterizing the fracture properties of
the filler interface is essential for understanding this migration tendency in this structure. It
is crucial to consider the propensity for migration in order to effectively predict the fracture
energy of the filler interface.
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Conclusions and Recommendations

Having performed the migration test and the bending simulation of the butt-joint skin-stiffener
with XFEM and cohesive elements, the research question can now be answered. Firstly, the
sub-questions will be answered based on the conclusion of the results.

1. How effective can matrix crack determined by LaRC05 be in predicting the interaction
of matrix crack and delamination?
The LaRC05 failure criterion effectively predicts the orientation of matrix cracks, which
is crucial for accurately assessing energy dissipation during the degradation of these
cracks. The crack orientation is directly influenced by the strength of the matrix mate-
rial, making it imperative to calibrate the strength values employed in the simulations
to ensure reliable migration predictions. This calibration process necessitates rigorous
validation to confirm that the model accurately reflects the material behavior. Given
that the migration phenomenon in the test is primarily driven by shear stress, accurate
characterization of shear strength will enhance the reliability of the predictions.

2. How accurate is this combination of XFEM with standard cohesive elements in predict-
ing the interaction of matrix cracks and delamination?
The migration test simulations predicted crack migration in most cases. The matrix
degradation occurring near the cohesive interface led to significant delamination. To
mitigate errors arising from cohesive elements that share nodes with adjacent solid
elements, sufficient refinement of the cohesive elements is essential. While mesh ties
can be employed to connect different parts, this approach may significantly increase the
number of degrees of freedom (DOFs), thereby escalating computational requirements.
Although the combination of the methods used captures the propensity for migration,
the overall response of the laminate may not be fully reliable. This modeling approach
serves as a valuable tool for providing an initial estimate of the damage sequence. How-
ever, for more accurate predictions regarding migration locations and the load response,
alternative strategies—such as enriching the cohesive interface—could yield improved
approximations. These enhancements would allow for a more detailed representation
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of the damage mechanisms, ultimately leading to better predictions of the structural
behavior under various loading conditions.

3. How do numerical parameters influence the interaction of matrix cracks and delamina-
tion?
Since both damage mechanisms are predicted using cohesive zone models, the method-
ologies inherently exhibit mesh dependency. Consequently, a finer mesh is often required
to accurately capture the interactions between matrix cracks and delamination. To
mitigate potential inaccuracies in kinematics, the number of cohesive elements per solid
element must exceed one. This approach ensures that the model sufficiently represents
the complex behavior of materials at the interfaces, thereby reducing errors that could
arise from simplified kinematic assumptions.
Careful attention must be given to mesh refinement during simulations to achieve re-
liable and accurate predictions of the interactions between different damage modes in
composite structures. To this end, a dedicated mesh refinement study for the cohe-
sive elements is essential. This study will help identify the optimal mesh configuration
needed to capture the nuances of the damage mechanisms effectively, ultimately im-
proving the overall predictive capability of the model. In this thesis, using two cohesive
elements per solid element along the length was found to predict migration, while a
finer mesh required additional loading.

4. How do material parameters influence the interaction of matrix cracks and delamina-
tion?
The fracture energy of the delamination and matrix material was considered in the
parametric study. Although monotonic results were not obtained, some trends that were
observed could be discussed. Lowering the matrix strength while holding the fracture
energy constant appears to delay migration. For the same interlaminar and intralaminar
strength, a higher matrix fracture energy delays the migration. Lower matrix fracture
energy also seemed to delay migration since the cohesive interface that the matrix
crack reaches has higher fracture energy. However, this would require further validation
through experiments or damage simulations using different modeling techniques.
To answer this in a better manner, sufficient calibration of the matrix strength would
be required followed by ensuring mesh objective solutions can be obtained from the
simulation such that monotonic trends are observed for a range of material properties.
However, this is not straightforward as the literature also indicates complexities in
migration prediction when different strength values are considered as shown in [49].

5. To what extent does accounting for a discrete matrix crack and interlaminar failure in
the skin influence the response of the stiffened panel?
In the simulation of the stiffened butt-joint panel, no delamination was observed when
matrix cracks were excluded from the model. However, significant delamination emerged
when discrete matrix cracks were predicted using the eXtended Finite Element Method
(XFEM). The structural response varied markedly with the inclusion of matrix cracks;
for instance, the crack profiles at the skin-stiffener interface exhibited distinct differ-
ences, and the extent of damage at the skin-filler interface was notably reduced com-
pared to models that did not account for matrix cracking.
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Despite these insights, the global response of the structure requires further verifica-
tion and validation, as the stiffness response obtained from the XFEM model differed
significantly from that of the panel modeled using shell elements. Moreover, the ac-
curacy of the post-peak response is uncertain; the combination of standard cohesive
elements and XFEM may not accurately capture the kinematics at the matrix crack
tip. Consequently, additional studies and validation are deemed necessary to enhance
the reliability of the predictions.

Having addressed the sub-questions, the main research question can be conclusively answered.
The XFEM-CE approach is effective in capturing the interaction between the two primary
damage mechanisms: matrix cracking and delamination. These mechanisms are essential to
understanding the migration phenomenon. While this modeling technique can predict the
propensity for migration, achieving an accurate response necessitates substantial verification
and validation efforts.

Additionally, the method’s mesh dependency underscores the need for a fine mesh in regions
where damage is anticipated. However, the high fracture energy characteristic of thermoplas-
tic composite materials permits the use of a sufficiently coarse mesh in these areas, enabling
the prediction of damage interactions at a structural level. This capability highlights the
XFEM-CE approach as a valuable tool for analyzing and understanding complex damage
behaviors in composite structures, while also pointing to the need for ongoing refinement in
modeling practices to enhance predictive accuracy.

8.1 Future scope and recommendation

The objective of this thesis was to capture the delamination within the stiffened panel using
the computational fracture mechanics method. It was hypothesized that delamination is
a consequence of migration and this hypothesis has been accepted based on the current
simulation. However, further verification or validation would be required to improve the
confidence of this hypothesis. Some of the following themes could be considered for future
research.

1. Crack migration validation for thermoplastic composite materials
The higher fracture toughness and longer cohesive zone associated with thermoplastic
composite materials make non-linear fracture simulations more computationally efficient
compared to those conducted on thermoset composites, which often have smaller cohe-
sive zones. In this thesis, the crack migration test simulation was focused on thermoset
composite materials, presenting notable computational challenges due to the necessary
mesh refinement.
However, in light of the need to predict migration behaviors for novel aeronautical
structures likely to be manufactured from thermoplastic composites, future migration
tests paired with virtual test campaigns could be implemented. The primary goal of this
test campaign would be to generate the material strength parameters required for the
LaRC05 failure criterion. Doing so would facilitate the accurate prediction of matrix
crack orientation, enhancing the reliability and applicability of the XFEM-CE approach
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in assessing the structural integrity of advanced composite materials used in aeronautics.
This strategy underscores the importance of aligning material characterization efforts
with the specific demands of predictive modeling in composite applications.

2. Butt-joint filler material characterization
The fracture properties of the butt-joint filler material must be carefully characterized
while ensuring that no migration occurs in the specimen. This process will also require
monitoring the propensity for matrix cracks to develop in the plies at the interface. A
virtual Double Cantilever Beam (DCB) or End Notch Flexure (ENF)-type test could be
conducted for the butt joint using a mesoscale model in conjunction with the XFEM-
CE method. Provided that the interlaminar and intralaminar properties are accurately
defined, this approach would allow for the assessment of the propensity for migration.
To mitigate migration, adjustments could be made to the layup configuration while
ensuring that no matrix cracks develop in the outer ply. This strategy could pave
the way for new experimental campaigns aimed at accurately determining the fracture
energy of the skin-filler interface.

3. Post-bucking simulations
The global-local approach employed in this study can be extended to simulate the panel
in the post-buckled state, providing a valuable framework for conducting verification
and validation studies. These studies could assess whether this modeling technique accu-
rately captures the structural response during and after buckling events. The XFEM-CE
method would also facilitate the evaluation of crack migration in this context. Similar
studies, such as those presented in [46], have employed Continuum Damage Mechan-
ics (CDM) using explicit time integration for post-buckling simulations. A comparative
analysis between these two modeling approaches—XFEM-CE and CDM—could be con-
ducted for the stiffened butt-joint panel, offering deeper insights into the effectiveness
of the XFEM-CE methodology in predicting structural behavior under various loading
conditions. Moreover, alternative methods such as the Floating Node Method (FNM)
could be utilized to model the entire laminate and predict both migration and the
global response of the laminate more accurately. Integrating these methodologies could
enhance the predictive capabilities of damage modeling in composite structures, lead-
ing to improved design strategies and structural integrity assessments in aeronautical
applications.
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