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ARTICLE INFO ABSTRACT

Keywords: This document develops a critical analysis of the capabilities offered by well-known numerical approaches such
Delamination as eXtended Finite Element Method (XFEM) and Virtual Crack Closure Technique (VCCT) to predict delamination
VecT in composite materials. Despite several computational analyses having been performed so far, the study of the
;(EEZ clement adequacy of using different modelling approaches in the delamination of composites is still limited. This paper ad-
Modelling dresses this matter, confronting the advantages and disadvantages offered by VCCT, a well-established numerical
Composites approach, and XFEM, a promising and relatively novel modelling technique. For this purpose, the delamination

of carbon fibre reinforced polymer (CFRP) laminates is investigated with the simulation of three common tests:
Double Cantilever Beam (DCB), End-Notch Flexure (ENF) and Mixed-Mode Bending (MMB). Numerical results
are validated with experimental data, taken from other publications, for both modelling approaches analysed.
Consistency is maintained for all finite element (FE) simulations carried out in this work to draw meaningful com-
parisons between XFEM and VCCT. Several interesting conclusions are extracted from this work. For instance,
VCCT simulations overall have high accuracy and low computational time, while XFEM shows high capabilities

to predict Mode I fracture.

1. Introduction

In the last decade, the use of polymer matrix composites (PMCs) com-
ponents has been steadily increasing. This trend is motivated by their
high strength-to-weight ratio, fatigue and corrosion resistance, or the
excellent surface quality of their components [1,2]. All these excellent
capabilities make composites an attractive solution to fulfil the strict de-
mands in high performance applications. For instance, the aircraft Boe-
ing 787 has achieved a 50% weigh fraction and 80% volume fraction
on composites. As a result, 40.000-50.000 fasteners were removed and
1500 aluminium sheets were progressively replaced [3]. These changes
allow for a considerable weight reduction and a notable enhancement
in fuel efficiency in this aircraft model.

Generally, although composite parts are near net shape manufac-
tured, machining operations such as drilling, milling or turning are re-
quired to accomplish the strict dimensional tolerances demanded. How-
ever, factors such as the presence of high abrasive fibres or tough resins
lead to rapid tool wear, making PMCs materials difficult to machine
[4]. As a result, several distinct failures such as sub-surface damage

[5,6] or delamination [7] are usually obtained, decreasing the structural
integrity of the final components. Delamination, which is commonly ob-
tained through the generation of holes in drilling operations, is one of
the most severe damages observed in PMCs, as it is demonstrated it has
a high impact on the reduction of fatigue life and strength in parts [8].
Therefore, the study of crack propagation in this kind of failure becomes
essential to guarantee the correct performance of the in-service parts.
Several experimental investigations have been successfully con-
ducted to obtain interesting insights in the delamination of composites.
For instance, Cepero et al. [9] compared different fracture toughness
when crack propagation is parallel or perpendicular to the fibre ori-
entation. This investigation concluded that crack propagation parallel
to the fibre is more restrained due to the crack path generated requir-
ing more energy to allow the advance of the crack tip. However, the
high cost of composite materials and the equipment required in these
trials reduce notably the information obtained using this methodology.
FE analysis provides a virtual cost-effective solution for the analysis of
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crack propagation, reducing the cost and time required in experimental
processes.

The modelling approaches more commonly utilised to address this
matter are the cohesive interface elements and VCCT. PMCs delami-
nation has been widely studied, achieving excellent results in several
studies. The most relevant investigations in this matter are conducted
by Turon et al. [10,11] obtaining the formulations to calculate the in-
terfacial strengths and maximum element size to guarantee an accurate
numerical validation with experimental results. However, this method-
ology usually requires small element sizes to obtain accurate results with
the consequent increase in the computational cost [12]. Therefore, de-
spite the excellent results obtained using this modelling approach, the
use of other numerical techniques which allow the use of coarser meshes
in different fracture scenarios such as Mode I, Mixed mode and Mode II
might be recommendable to reduce the computational cost.

VCCT is a method that has grown in popularity greatly, with numer-
ous authors proposing enhanced approaches to deal with different sce-
narios. Shivakumar et al.[13] extended VCCT to the three-dimensional
space. Xie and Biggers Jr.[14] used interface elements to calculate strain
energy release rates, based on VCCT, of progressive crack growth in
mixed-mode loading scenarios. Ricco et al. [15] introduce a new nu-
merical procedure, based on VCCT, for the study of skin delamination
in stiffened composite panels, subjected to compressive loads. De Car-
valho et al.[16] combined the Floating Node Method with VCCT to ac-
curately model delamination migrations in cross-ply laminates. Xie et al.
[17] proposed a method, based on VCCT, for calculating the energy re-
lease rate for kinking cracks in a two-dimensional setting. Xie and Big-
gers Jr.[18,19] used interface elements based on VCCT to determine the
direction of a changing delamination front, as well as to directly calcu-
late the strain energy release rate.

XFEM is a relatively new and a promising method that was initially
created for modelling discontinuities in isotropic materials, yet recent
research has been focused around using it in new scenarios, such as
for composites. Zhao et al. [20] used the XFEM method for single and
multi-crack delamination scenarios in composites and intra and inter-
laminar crack propagation. Curiel-Sosa and Karapurath applied XFEM
to predict delamination in GLARE under Mode I loading [21]. Bienias
[22] combined XFEM and cohesive elements and explored the inter-
action between the matrix and the fibres in carbon/epoxy composites.
Stazi et al. [23] and Laborde et al. [24] proposed methods for imple-
mentation of higher-order shape functions. Finally, Curiel-Sosa et al.
[25] analysed the evolution of the energy release rate in a DCB test of a
cross-ply laminate.

Despite several works having been successfully conducted so far us-
ing VCCT and XFEM on the study of composite delamination, to these
authors’ knowledge there are no publications analysing carefully the
pros and cons of using the aforementioned modelling approaches. This
article is focused on a critical investigation of the advantages and dis-
advantages of using VCCT and XFEM to predict composite delamination
in different fracture scenarios. The paper layout is broken down as fol-
lows. Section 2 provides the mathematical insights of both modelling
approaches addressed in this analysis. Subsequently, in Section 3 all
the more relevant details of the FE model employed are explained. The
analysis and discussion of the numerical results obtained is developed
in Section 4. Finally, a summary with all important remarks extracted
from this manuscript is provided in Section 5.

2. Mathematical insights

This section expands on the working principles of the VCCT and
XFEM modelling approaches. The physical and mathematical models
they are based on, as well as the fracture criteria adopted for the simu-
lations are briefly described in the following lines.
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Fig. 1. VCCT method of debonding. The red and black nodes are constrained
and debonded node-pairs, respectively.

2.1. VCCT method

Originally proposed by Rybicki and Kenninen [26], the VCCT
method is based on the Linear Elastic Fracture Mechanics(LEFM)
[27] and Irwin’s criterion [28]. The underlying assumption behind the
method is that the energy required to propagate a crack is the same
as the energy required to close it to its original length. The equations
for 4-noded elements are given in Egs. (1) and (2). Raju [29] improved
the model by adding higher-order interpolation elements, namely 8 and
12-noded elements. In general, the smaller the distance between neigh-
bouring nodes, Aa, the more accurate Eqgs. (1) and (2) will predict the
strain energy release rate values.
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The VCCT method simulates crack propagation and delamination by
applying constraints to the nodes on the crack path. The nodes in front
of the crack tip are coupled, to be released after the fracture criteria is
met, simulating the advance of the crack [30], as shown in Fig. 1. VCCT
requires a pre-defined crack path, which is restricted to the element
boundaries [31]. As the model is governed by LEFM, before damage oc-
curs, the system is linear-elastic. After the fracture criterion is reached,
the constrained nodes become separated immediately without a damage
evolution. The most common fracture criterion used in VCCT analyses
is the BK-Law [32]. This criterion is based on the total energy release
rate (Gy) and it is accomplished after the critical value (G? ) is reached,
as it is illustrated in Egs. (3) and (4).

Gr
= &)
GT
where
GC
C _ ~C C C 11
GT_GI +(G11_G1)(GC+GC )’7 (4)
1 11

2.2. XFEM method

Initially proposed by Belytschko and Black [33], and then improved
by Moes, Dolbow, and Belytschko[34], XFEM is based on Melenk and
Babuska’s [35] partition of unity property finite element method, which
states that the sum of all shape functions is 1. The model provides ad-
ditional degrees of freedom of the elements around the crack path and
tip, allowing crack propagation through these meshed elements. The
displacement functions, given in Eq. (5), allow the crack to propagate
through these elements without constraints, or the need for remeshing.
Thus XFEM is able to capture the crack opening and propagation as ac-
curately as a standard FEA with very fine mesh would [36].
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Fig. 2. Specimen boundary conditions

Table 1
Set-up parameters.
Gy/Gr 0%(DCB) 80%(MMB) 100%(ENF)
ag(mm) 329 31.4 39.2
Py 0 1.557P P
P, P 0.558P Pl4

where S; is the number of nodes of the elements containing the crack,
S, is the number of nodes of the elements containing the crack line, and
S; is the number of nodes of the elements containing the crack tip. Ny,
N, and N, denote the respective shape functions of the nodes and u;
is the standard nodal displacement of node I. a, and b, are the nodal
enriched degrees of freedom coefficients for the nodes of the elements
containing the crack line and the crack tip, H(x) is the Heaviside func-
tion, which generate the discontinuity through the elements to create
the crack. F,, the asymptotic enrichment function, adds degrees of free-
dom to the nodes of the element containing the crack tip, allowing the
crack to grow.

F,(r,o) = {\/;cos %), Wsin %, \/;sin % sinw, \/r cos %) sinw} 6)

r and o are the distance and angle of the crack inside the element with
the crack tip. « is the number of nodes in the crack tip element. The
XFEM model also follows LEFM, until the start of the crack propaga-
tion, but unlike VCCT, XFEM follows a damage evolution region. The
failure criterion used in this paper to determine damage initiation is the
quadratic traction criterion, or QUADS[37].

G Yo (LYo (B )
()G () v

t,, t;, and t; are the nominal normal, shear and transverse tranctions,
with tg, t? and t? being the respective peak values. When this failure
criterion is achieved, a linear energy-based softening controlled by the
BK-Law is applied; it is chosen in order to keep the consistency with the
VCCT simulations. Finally, once the critical strain energy release rate
(Gg ), defined in Eq. (4) is accomplished, the crack propagates through
the element.

3. Finite element model characteristics

This paper uses Reeder and Crews’ mixed-mode delamination test
method and experimental data [38,39] to verify the performance of the
two methods. By adjusting only the length of the loading lever, any
MMB loading scenario is achieved, without changing the test configu-
ration. Camanho et al. [40] and Turon and Camanho [10,41] used this
test method and Reeder and Crews’ experimental data as verification for
their simulations. For both methods, the simulations are conducted as
closely as possible to the tests in the original papers to keep the consis-
tency and ensure the accuracy of the numerical results.

Three tests are conducted to compare the accuracy and effectiveness
of the two methods: DCB, ENF and MMB. The loading and boundary
conditions are presented in Fig. 2 and the set-up parameters for each test
investigated are presented in Table 1. The simulated specimen consists
of two parts, each 102mm long, 1.56mm thick and 25.4mm wide. The
bottom ply is constrained at its ends with a pin and a roller support.
The edge force P, is applied at the end of the top ply, from the side of
the pin support (U, = U, = 0). a, represents the distance between the
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middle force P,, and P,; this distance is modified by the type of test
conducted. The material used is AS4/PEEK carbon-reinforced polymer,
with material properties listed in Table 2.

Due to the nature of the XFEM method, the XFEM crack must pass
through some of the specimen’s elements. Thus, in order to define an
XFEM crack in the interface between the two specimen plies, a thin 0.01
mm layer of PEEK is inserted in the interface between the two plies. The
initial crack is allocated in the middle of this layer with the dimensions
specified in Table 1 for each test. It was assumed that the interlaminar
crack would travel in the resin-rich region between the plies. Delamina-
tion cracks occur in the interlaminar region, which comprises of epoxy
resin. Thus in order to more accurately simulate the real mechanism
of delamination, this layer was added with the intention of creating a
medium for the XFEM crack to propagate. Due to the small thickness of
this layer, its addition has an insignificant effect on the results.

In this work, 4-noded CPE4R plane strain meshed elements available
in Abaqus/Implicit are used in all simulations. Several meshes with dif-
ferent element sizes are modelled here to guarantee the accuracy of the
results is not dependant of the element size. For VCCT, a local mesh
refinement around the crack tip is conducted, as this is considered to
be the most critical region of interest. The boundary conditions imple-
mented for both tests were very restrictive. This, in combination with
the complexity added by the anisotropic nature of composite materi-
als, made the XFEM convergence challenging. Simulations with course
meshes failed to converge. To aid the convergence, mesh refinement was
implemented in the thin interface layer, resulting in very slender inter-
face elements. To keep the aspect ratio of these elements reasonable, a
further mesh refinement was required. As the interface and ply layers
share the same nodes, this resulted in a mesh refinement in the plies as
well. Different local mesh refinements were tested, yet they either did
not converge, or produced inaccurate results. A global mesh refinement
is implemented, as it allows the model to converge and to accurately
simulate the crack propagation.

4. Analysis and discussion of numerical results

This section introduces and conducts an analysis on the results ob-
tained from the Finite Element simulations developed in this investiga-
tion. For each test, the obtained results are presented as follows. Two
side-by-side graphs present the convergence studies done for VCCT (left
graph) and XFEM (right graph), for the given test set-up. This is followed
by a graph with the converged results from each of the two methods. The
final figure in each test subsection is a close-up view of the maximum
principle stresses at the specimen crack tip at the moment of crack onset.
For all graphs, the experimental results from Reeder and Crews[38,39]
are included for verification of the accuracy of the results. The subsec-
tions with results are followed by a overall analysis and discussion sub-
section.

4.1. DCB results

The VCCT model predicts the linear region, before the crack prop-
agation, very accurately for all the tested element sizes, with the 0.1
mm element size simulation capturing the overall shape the best. It is
observed that the mesh refinement does not significantly contribute to
the accuracy of the simulation after the damage initiation. For the XFEM
simulation, the results do not show a good correlation with the experi-
mental data for large element sizes; substantial improvement is observed
in the accuracy of the predictions with the refinement of the mesh.

In both models, the linear and non-linear regions are predicted very
accurately with the smallest element size of 0.1 mm, see Fig. 3. XFEM
performs visibly better than VCCT in simulations with small element
sizes. The curve of the XFEM results lacks the spiked behavior, present
in the VCCT simulation, thus XFEM maps the experimental data more
accurately. This is observed due to XFEM using a smaller increment of
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Table 2
Material properties of AS4/PEEK.
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En Ey = Es G, =Gy Gys3 Uiy = Uy Va3
122.7 GPa 10.1 GPa 5.5 GPa 3.7 GPa 0.25 0.45
G¢ Gy G§, N S S,
0.969 N/mm 1.719 N/mm 1.719 N/mm 80 MPa 100 MPa 100 MPa
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Fig. 3. Convergence study of VCCT and XFEM models for DCB test configuration.

(a)

(b)

Fig. 4. Representation of the final deformed configuration for DCB simulations with and element size of 0.1mm for both FE investigated models: (a) VCCT and (b)

XFEM.

| Wﬁlﬁh;}
it

+2.0450+01
-1.0510401

S, Max. Principal
(Avg: 75%)

(b)

Fig. 5. Close-up view of the crack tip and the mesh of the simulated specimen at the first step after the crack onset, for both FE models: (a) VCCT and (b) XFEM.
The mesh size is the same as for the respective models in Fig. 4: 0.1mm. The color map gives information about the maximum principle stresses.
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XFEM
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(b)

Fig. 6. Convergence study of VCCT and XFEM models for MMB test configuration.

(@)

(b)

Fig.7. Representation of the final deformed configuration for MMB simulations with and element size of 0.05mm and 0.07mm respectively for the two FE investigated

models: (a) VCCT and (b) XFEM.

the time step to reach convergence, in comparison with the VCCT sim-
ulations. A representation of the final simulation results for both FE in-
vestigated models is provided in Fig. 4.

4.2. MMB results

The VCCT model requires greater element size refinement until it
reaches convergence. With an element size of 0.1 mm, the results match
the experimental data well; however, further refinement yields different
results, thus the mesh convergence study is continued until convergence
is reached with an element size of 0.05 mm. Despite the VCCT model
accurately predicting the linear region, after the start of the crack prop-
agation, the curve dips fast, exhibiting brittle crack growth and failing
to properly map the non-linear region, as illustrated in Fig. 6(a).

The XFEM method reaches convergence at a smaller element size,
compared to the DCB test, yet it fails to accurately predict both the
linear region and the specimen behavior after the crack onset. Both the
end and middle loadings created tensile stresses on the bottom part of
the upper ply. Due to the asymmetric nature of the applied loading, the
stresses at the crack tip did not point parallel to the interlaminar layer,
but towards the upper ply, see Fig. 8(b). The crack, propagating in the
direction of the highest stresses, escaped from the interlaminar layer and
entered the upper ply, becoming an intralaminar crack. This changed the
medium in which it propagated, leading to the crack propagating at a
lower crack opening, and thus loading, than experimentally observed.

The crack migration that occurred in the XFEM simulations is a result
of the XFEM model not pre-defining the crack path. For the VCCT model,

the crack path is mapped before the start of the simulation, thus even
if the highest stresses pointed in a different direction, the crack would
propagate along the pre-defined path. In order to correct this crack be-
haviour for the XFEM simulations, two numerical treatments are tested.
The longitudinal modulus of elasticity of the interlaminar layer is de-
creased with the intent of making the region more favourable for crack
onset. The fracture criteria from the upper and lower plies are removed
to force the crack to propagate only inside the interlaminar region. Both
methods are unsuccessful. It is considered that the initial assumption of
making the interlaminar layer 0.01 mm thick may have been too conser-
vative. A thicker layer could have been able to contain the crack within
its boundaries. This is a numerical problem with the XFEM simulations,
caused by the initial assumptions and conditions used.

4.3. ENF results

The VCCT model reaches convergence fast. Even though conver-
gence was reached at an element size of 0.2 mm, the results from the
simulation with 0.3 mm element size are the most accurate, predict-
ing the linear region and the beginning of the crack propagation al-
most exactly. For the XFEM method, convergence is considered reached
at 0.1 mm element size, even though the most accurate simulation is
reached with 0.2 mm mesh size, as shown in Fig. 9. For both methods,
the simulations that produce the best results and the simulations for
which convergence was reached do not coincide, but are very close in
terms of element size. The modelling of the composite plies relies on
the assumption that the fibers are perfectly uniformly distributed in the
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(b)

Fig. 8. Close-up view of the crack tip and the mesh of the simulated specimen at the first step after the crack onset, for both FE models: (a) VCCT and (b) XFEM.
The mesh size is the same as for the respective models in Fig. 7: 0.05 mm and 0.07 mm.The color map gives information about the maximum principle stresses.
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Fig. 9. Convergence study of VCCT and XFEM models for ENF test configuration.

(a)

(b)

Fig. 10. Representation of the final deformed configuration for ENF simulations with and element size of 0.3 mm and 0.2 mm respectively for the two FE investigated

models: (a) VCCT and (b) XFEM.

matrix. This assumption brings some uncertainty into the simulations,
which was considered enough to change the convergence element size
values by 0.1 mm. Thus, it was taken that for both methods the most
accurate simulation values are representative.

Just like with the MMB tests, the XFEM model suffers from crack
migration from the inter-laminar layer into the upper ply. The lower
end-loading for the ENF tests (in comparison with the MMB tests) re-
sults in the tensile stresses at the crack tip being lower and having a
smaller vertical component, see Fig. 11(b). Consequently, the crack does
not propagate deep into the ply, but stays close to the interface layer.
The loading scenario also causes the excessive specimen central deflec-

tion, as shown on Fig. 10(b). Still this deflection is lower than the one
observed for the MMB test, in Fig. 7(b), shedding further light into why
the ENF crack migration was not as severe. This leads to the obtained
results being closer to the experimental values (in comparison with the
MMB simulations). Yet as crack migration is still present, the results fall
short of accurately mapping the curve properly.

4.4. Numerical accuracy and computational cost discussion

The error between the predicted load for delamination crack initi-
ation and the experimental values for each of the tests is presented in
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Fig. 11. Close-up view of the crack tip and the mesh of the simulated specimen at the first step after the crack onset, for both FE models: (a) VCCT and (b) XFEM.
The mesh size is the same as for the respective models in Fig. 10: 0.3 mm and 0.2 mm. The color map gives information about the maximum principle stresses.

Table 3
Load required for crack onset error.

DCB MMB  ENF

vccr 0.3% 1.12% 0.5%

XFEM 1.11% 13.2% 4.8%
Table 4

Largest simulation times for every test
modelled in this work.

DCB MMB ENF
VCCT 337s 1574s 152s
XFEM  16580s  32070s  28321s

Table 3. For the DCB and ENF tests, the VCCT model predicted the lin-
ear region, before the crack propagation, very accurately. The predicted
crack initiation load is within less than a percent of the experimental
values, further demonstrating the high accuracy of the DCB and ENF
models’ predictive capabilities. The accuracy of the predictions for the
non-linear region are close to the experimental data, yet the accuracy
deteriorates as the delamination progresses. The XFEM model predicts
the delamination crack initiation worse for all tests. For the MMB and
ENF tests, this is a direct cause of the crack migration problem. For the
DCB test however, the slightly higher error for the crack onset (com-
pared to the VCCT model) is compensated by a much better agreement
with the experimental results for the rest of the curve. This is especially
true in the non-linear region, where all other tests failed to produce
accurate results.

All the simulations are developed in a computer with access to 8 vir-
tual cores, 8GB of RAM and 1GB of VRAM. Interesting conclusions of the
computational cost of every numerical test assessed are extracted from
Table 4, where all the longest simulation times obtained in this work are
showcased. These conclusions are broken down in the following lines.
The VCCT model has short simulation times, even with very small mesh
sizes. The MMB test simulation is significantly slower, compared to the
other two, as previously discussed due to the more complicated stress
distribution in the specimen, requiring a much finer mesh to reach con-
vergence.

The computational cost of the simulations developed using XFEM is
significantly higher in comparison with the VCCT. This occurs due to
the use of a global mesh refinement to achieve the convergence of the
simulation, which significantly increase the mesh elements. A glance to
Table 4 reveals that MMB and ENF simulation times are significantly
higher than the DCB ones. The explanation of this is that the observed
ply migration of the crack in the MMB and ENF simulations adds several
problems, making convergence harder. These problems are reduced with
the use of smaller element sizes. Between the MMB and ENF tests, the

MMB simulations are computationally heavier due to the larger number
of elements required to reach convergence.

5. Conclusions

This paper has developed an exhausting analysis of the capabilities
of the well-known VCCT modelling approach and the promising and
relatively novel numerical technique, XFEM, to model composite de-
lamination. For this purpose, thee different crack scenarios such as DCB,
MMB and ENF tests have been successfully modelled. A different mesh is
selected for each FE model in order to address the convergence require-
ments to obtain good numerical accuracy. Interesting insights extracted
from this investigation are broken down below.

VCCT is proved to predict better the crack onset in all the studied
scenarios.

Mode I fracture (DCB problem) is observed to be simulated more
faithfully using XFEM.

MMB and ENF tests are predicted with a higher accuracy using
VCCT.

Convergence problems are detected in XFEM simulations, which re-
quire the use of a fine mesh to obtain conclusive results. This con-
trasts with the coarser mesh employed in VCCT simulations, without
a reduction in numerical accuracy.

Computational cost is considerably higher in XFEM simulations in
comparison with the time required in VCCT FE models.

Crack migration problems have been found in the simulation of the
MMB and ENF tests using XFEM because the large central specimen
deflection introduces numerical errors in the crack path; this hap-
pens because the maximum stress does not follow exactly the correct
crack path. This problem is reduced with the longitudinal stiffness
reduction in the region where the crack propagates.

Considering the aforementioned statements, it could be concluded
that VCCT offers better capabilities in general to predict composite de-
lamination. Numerical convergence problems should be addressed in the
future for the current numerical software to allow a promising modelling
technique like XFEM to achieve better effectiveness in the prediction of
composite delamination.
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