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Abstract

This paper deals with high cycle fatigue delamination in composite materials.

The cohesive zone approach along with the level set method is used to simulate
fatigue-driven delamination growth. The cohesive zone method is used for calcu-
lation of the energy release rate at the erack front because of its superiority over
the virtual crack closure technique (VCCT) for bi-material interfaces and non self-
similar crack growth. Evolution of the crack front in 3D during fatigue growth is
handled with the level set method. The damage variable in the cohesive zone for-
mulation is changed according to the updated level set field. Benchmarks are used
to evaluate the performance of the proposed approach in simulation of 3D delami-

nation growth under fatigue loading.
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1. Introduction

Delamination is the separation of plies and is one of the most detrimental modes
of failure in the composite materials. Delamination can be initiated by cyclic load-
ing, impact, stresses near free edges, manufacturing defects like incomplete wet-
ting or the presence of transverse matrix cracks. Delamination can grow under
fatigue loading and lead to reduction of stiffness, lowering of critical buckling load
and complete failure of the structure. Accurate modeling of delamination growth
under fatigue loading is essential to safe design of composite structures exposed to
cyclic loading such as wind turbine blades and aircraft wings.

For the case of small-scale yielding at the crack front, Paris’ equation has been
successfully used to describe crack growth under cyclic loading. First proposed

by Paris et al. [1, 2], this equation isausually presented in terms of either stress

intensity factor or energy release rate:

bl

where C' and m are material parameters which depend on the loading mode, G.

is the critical energy release rate which is also dependent on the mode ratio and
AG is the cyclic range of energy release rate. The variable a signifies the crack
length and NV is the number of cycles. Although this equation was initially used
for'metals, it has been successfully applied to the laminated composites too [3, 4].
As it is shown in Eq. (1) the calculation of the range of energy release rate AG is
required at the crack front. The virtual crack closure technique (VCCT) is often
used in metals for calculation of this parameter. However for bi-material inter-

faces the assumption of linear elasticity leads to oscillatory singular fields at the
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crack tip. This makes the application of fracture mechanics methods like VCCT
far more complex [5]. Moreover VCCT is not very efficient for crack growth anal-
ysis, especially in cases with non self-similar crack growth since the elements need
to be aligned with the crack front. Remeshing after a step of crack growth is usu-
ally required. This makes the simulation process time-consuming and complicates
automation.

In this paper, the cohesive zone method is used to calculate the energy release
rate. The cohesive zone concept was first introduced by Dugdale [6] and Baren-
blatt [7] and since then this method has been successfully used to model fracture
in adhesive joints [8, 9] , bi-material interfaces [10, 11] and laminated composites
[12, 13]. In the cohesive zone method, fracture is modeled by use of a nonlinear
constitutive relation called the traction-separation law. This law provides a rela-
tion between the separation of two interfaces and the traction that opposes this
separation. If the separation exceeds a limit called the final separation A7, the
traction will be reduced to zero and the crack advances. The traction-separation
law is implemented in the finite element framework by use of the interface ele-
ments. A more-detailed discussion of this model is presented in the next section.
The cohesive zone method has been mainly used for the simulation of crack growth
under monotonic loading. Foulk et al. [14] were among the first researchers who
extended the cohesive zone method for modeling fatigue crack growth. They achieved
this by adding a unloading/reloading path to the Tvergaard’s traction-separation
law [15]. Several other fatigue models based on the cohesive zone concept have
been proposed [16-19]. However these models are more suited for the cycle by cy-
cle analysis and can result in high computational costs in high cycle fatigue simu-

lations.



50

55

60

65

70

More recently alternative cohesive zone based models more suited for high cycle
fatigue have been proposed by different researchers [20-22]. These models pro-
pose phenomenological relations for the growth of the damage parameter in the
traction-separation law. As this damage parameter grows, the stiffness of the in-
terface reduces. These damage growth models have some material parameters
which need to be determined by means of experiments. Other researchers [23-25]
have tried to link the damage growth to the Paris law. This link helps to avoid in-
troduction of additional material parameters apart from the already well known
Paris law parameters.

However, there is a difficulty in linking the damage mechanics from a cohesive law
to the fracture mechanics of Paris law. In the cohesive law, the energy release rate
is defined as the area under the complete traction separation curve. Fatigue cohe-
sive laws have been proposed [23, 24], that accelerate damage development based
on estimation of the energy release rate. However, during damage development,
the final shape of the traction-separation curve and consequently, the energy re-
lease rate are yet unknown. Kawashita and Hallett [25] have presented an alter-
native approach where fatigue degradation is only applied in the element at the
crack tip. Upon mesh refinement, this leads to a model where the local fatigue
degradation is applied suddenly. A vertical drop in traction is approached. This
implies that the complete area under the curve is known at the moment that fa-
tigue damage is applied. For a 2D scenario, where there is a single crack tip ele-
ment, this works very well. However, in 3D it involves a crack tip tracking algo-
rithm and estimation of the direction of crack propagation.

As an alternative to cohesive zone modeling, Latifi et al. [26] have shown that us-

ing a level set approach is very suitable for fatigue analysis. Unlike cohesive laws
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which deal with local damage development, the level set method deals with ve-
locity of a front, which allows for a direct link with a crack growth rate. In [26],
the model is a pure fracture mechanics approach without cohesive zone, but with
dedicated element formulation. The model is limited to thin structures and so far
only applicable to single delamination. The present paper combines ideas from
Kawashita and Hallett [25] and the level set method. The level setrmethod takes
care of describing and updating the crack front location, while the cohesive law
provides the estimate for the energy release rate. The cohesive law works exactly
as the static cohesive law until the level set front passes the integration point.
When the front passes an integration point, the damage is set to 1 in that point.
This way, a true vertical drop in traction is achieved irrespective of element size.
In the following sections first the basic formulation of the cohesive zone method
is presented. Then the level set method and its implementation for triangular el-
ements are reviewed and the proposed approach for simulation of delamination
growth is discussed. Finally two benchmark cases are modeled to investigate the
performance of the method both in calculation of the energy release rate and in

tracking the crack front evolution in 3D.

2. Formulation

2.1. Cohesive Zone Method

The traction-separation law is implemented in the finite element framework by us-
ing the interface elements. Different constitutive formulations have been proposed
[11, 27-34], among which the bi-linear traction-separation law is the most com-
mon one because of its simple shape. In this law an initial stiffness is introduced

which ensures the stiff connection between interfaces before the damage initiation.



Therefore it contains an initial linear elastic part and a softening part. The shape
of the traction-separation law is shown in Fig.1, where K is the initial stiffness of

the interface, T is the strength and G, is the fracture energy.

A

TO

AD A7

Figure 1: Bi-linear traction-separation law.

wo In this paper the quasi-static constitutive formulation presented by Turon et al.
[28] is used as a starting point. A 3D element with two triangular faces and total
number of 6 nodes is implemented in ABAQUS using the user-element subroutine

UEL.

The bi-linear traction-separation law can be written as follows:

)
T, = KA, if 0<A<A°
(T = (1—d)KA; if A°<X<AS (2)
T, =0 it AT <)
\

105 where ¢ shows the mode of loading, T is traction, A is the separation of interfaces

and K is the penalty stiffness. In this equation A\, A, A/ and d are the equiv-
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alent separation, initial separation, final separation and damage in mixed-mode
respectively. The equivalent separation A is the Euclidean norm of the separation

components and is calculated as follows:

A= \/<A1>2 + A%I + A%H (3)

where () is Macaulay brackets. The damage variable d has the following relation

with other traction-separation law parameters:

A, — AY)

max

= (A A (4)

max

where \7 = Orgggzc{)\(t)} and 7 is the time at which d is calculated.

The energy release rate is defined as the total work done per unit area for the
complete failure of the material point. This value can be obtained by integrating
the complete failure path in the traction-separation response. In the damage mod-
els proposed by Turon et al.’[23] and Harper and Hallett [24], continuous increase
of the damage variable under cyclic loading leads to gradual loss of stiffness in the
interface. This increases the separation of the interface as the fatigue damage ac-
cumulates which leads to a non-vertical failure path (Fig. 2-a). The non-vertical
failure path means the complete failure response and the total dissipated energy
would be unknown at the moment ¢ when the crack growth rate is being calcu-
lated. Kawashita and Hallett [25] limited the damage accumulation to the element
adjacent to the crack tip. As a result the loss of stiffness would happen only to

a small part of the interface and the failure path would be close to vertical. In
the limit case where the element size at the crack tip goes toward zero, this path

becomes completely vertical (Fig. 2-b). In this paper a vertical path is achieved



irrespective of the element size by setting the damage variable equal to 1 at nodes
which have been passed by a moving front described with the level set method. At
the integration points adjacent to the front, the energy release rate is known and

130 can be obtained from the following relation:
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Figure 2: (a) Non-vertical failure path (b) Vertical failure path.

The cyclic variation of energy release rate AG in Eq. (1) is defined as:
AG = Gmam - Gm'm (6)

By using the load ratio R, the cyclic variation of energy release rate AG can be

computed by using G4,

AG = (1 — R*)G s (7)

using Eq. (5), AG can be written as follows:

0 f_ 2
AG = T_ Af o (A )\max)

) el (1 ) (5)
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For the mixed-mode loading A’ and A° are found using the following relations

[28]:
7 A?A{ (A(s)hearAghear - A(I)A{) 577
A = N (9)

Bo= (a0 (125, — (29%) o (10)

where Agpear = /A2 + A%, and Ggpear = Grr + Grpr. The parameter 7 is a

material constant which is found by experiment. The variable 8 is defined as:

Gshear
= - 11
ﬁ GI + Gshear ( )

The fracture energy G. in mixed-mode loading is described with the relation pro-

posed by Benzeggagh and Kenane [35]:

Gc = GIC + (GII,C - GIC)Bn (12)
where subscript ¢ is‘used to show critical energy release rate.

2.2. Level Set Method

The level set method is a robust tool to track the evolution of moving fronts [36].
In this method the front location is represented by a level set function and as
the front moves this function evolves in time. Knowing the velocity at different

points of the front, a differential equation for the level set function evolution can

be formed [37] :



us  where ¢ is the level set function and V' shows the velocity field. It is beneficial to
use a signed distance function as the level set function. The absolute value of the
signed distance function at each point shows the shortest distance of that point
to the crack front and its sign shows on which side of the crack front the point
is located. In the proposed method, the front that is tracked is the crack front

10 that separates the partially damaged cohesive zone from the traction free crack.
The positive sign is assigned to the uncracked side and the negative sign to the
cracked side (Fig. 3). When ¢ is a signed distance function, Vg is a unit vector

and therefore:

Vo V=V, (14)

where V,, is velocity value normal to the level sets of ¢ such as crack front. Using
155 forward Euler time discretization, the level set function ¢ after time At can be

found from the following relation 38]:

Oryar = @r — VAt (15)

p=0

Figure 3: Signed distance function and damage values in cracked domain.

10
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As was discussed in the previous section the energy release rate is calculated at
the nodes on the crack front by measuring the area under the traction-separation
curves. Since the level set method is used, the crack front is not necessarily aligned
with the element boundaries and may pass through the elements. In this case, as
shown in Fig. 4, the integration of the traction-separation law will be performed

at the nodes of the elements cut by the crack front. A Newton-Cotes integra-

tion scheme is used for the cohesive elements which means integration points and
nodes are coincident. Therefore values of the energy release rate can be readily
calculated at nodes. After energy release rate values are obtained, crack growth
velocities at these nodes are found using Paris equation (Eq. (1)). The crack growth
rate da/dN is used as the velocity V,, required in the level set update equation
(Eq. (15)). The time increment At in Eq. (15) is actually the number of cycles
AN in fatigue crack growth. This discretization in time in fatigue problems is
called the cycle jump. The cyele jump for any individual time step is chosen us-
ing the following equation [23]:

Aamax

AN = (16)

where Ady,q, 18 maximum amount of crack growth per time step and is pre-established,
while max{j—;} is the maximum value of the crack growth rate computed along

the crack front. Reducing the value of Aa,,q. leads to more accurate results.

For updating the level set function ¢, the velocity V,, should be known throughout

the domain. Here the fast marching method [37] is used to extend the velocities

from the crack front over the whole domain of the interface. The method pro-

posed in [39] is used for extending velocities in triangular elements. In the ele-

11
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¢ Nodes for which G is computed
Elements cut by front

Figure 4: Calculation of energy release rate at the crack front.

ments where velocities at two nodes are known, the velocity at the other node is
found by solving the normality condition which states that the velocity is constant

in the direction normal to the ¢ level curves:

Ve -VV,=0 (17)

If a node is connected tomore than one element with known velocities at two
nodes, the element which is the most normal to the level set will be used. This

is the element with the highest value of |V - VN;| where i shows the node with
unknown velocity.

While ideally ¢;+a¢ will be obtained as a signed distance function, approximation
introduced in numerical solution of Eq. (13) will cause deviations. To ensure that
the obtained level set function at the next time step @1 s is a signed-distance
function, reinitialization is performed. The reinitialized level set field will have
the same zero level curve as ¢, a;. Reinitialization is performed by solving the
equation |V¢| = 1 by the fast marching method. On a triangular element with

two known nodal values, this is a quadratic equation and the root with maximum

12
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absolute value will be chosen. If a node is connected to multiple elements, the el-
ement with minimum value for max{|y;|, |¢x|} will be chosen, where j and k are
the nodes with known values of ¢.

After p;, a; is found, the damage values at the nodes are calculated. For the nodes
where ¢ a¢ < 0 damage values are set to 1 (Fig. 5). These damage values will
be read by the UEL subroutine and therefore the new cracked region will be intro-
duced to the finite element model. The finite element model will be solved again
in the next time step with the new crack front and the above described steps will
be repeated. The steps of the described procedure are shown in Fig. 6. ABAQUS
is used for solving the finite element model. The other tasks in the procedure are

performed with a Python code.

P rr\'"’i_.i‘i _—77757""_.“_-—-,,_,7” et + A!L) =0

N =0

® Nodes for which d = 1 at ¢
® Nodes for which d is set to 1 at ¢ + At

Figure 5: Change of the damage values at the nodes as the front moves.

3. Results and Discussion

205 In this section a 3D double cantilever specimen and a circular delamination spec-

imen are used to evaluate the performance of the presented approach to simulate

fatigue-driven delamination. These two cases are loaded in mode I and mode II

13
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Solve the finite B

element jly ‘

A 4

Calculate energy release rate at the crack front

v

Calculate velocities using Paris equation

A 4

Find new crack location with level set method

A 4

Obtain damage values at nodes using level set values

Figure 6: The steps of crack growth procedure.

respectively. The ability of the method to calculate the energy release rate accu-

rately and to track the crack front is tested.

3.1. 3D Double Cantilever Beam specimen

To investigate the ability of the model to calculate the energy release rate and
track the crack front in 3D problems, a double cantilever beam specimen is mod-
eled using cohesive elements. The deformed finite element model of the specimen
is shown in Fig. 7 with amplified deformations. The specimen has a total length
of 20 mm with a delamination length of 10 mm. The specimen width is 10 mm
and each arm has a thickness of 0.5 mm. Moments of equal values and opposite
directions are applied to each arm while the other end of the specimen is com-

pletely fixed. The material properties for HTA /6376C carbon/epoxy are taken

14
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from [23, 40, 41] and shown in Table 1. The laminate is considered to be uni-

directional where the fiber orientation is aligned with the beam axis.

U, Magnitude
+7.087e-01
+6.074e-01
+5.062e-01
+4.050e-01
+3.037e-01
+2.025e-01
+1.012e-01
+0.000e+00

Figure 7: 3D double cantilever beam specimen.

The finite element model as shown in Fig. 7 is made from ABAQUS continuum
shell wedge elements (SC6R) and the user-defined cohesive elements. Cohesive
elements with zero thickness are placed in the delamination plane and a fine mesh
with the element size of 0.1 mm is used ahead of the crack front to ensure that
the traction distribution in the cohesive zone is captured with good accuracy. The
cohesive zone is found as the region ahead of the crack front where damage d has
a nongero value and material points are in the softening zone (Fig. 1).

For the minimum number of elements in the cohesive zone different values have
been suggested in the literature. Moés and Belytschko [42] suggested the min-
imum number of 10 elements in the cohesive zone, while Davila and Camanho

[43] have used 3 elements in their analysis. Because of the small length of the co-
hesive zone, even using 3 elements in the cohesive zone requires a small element

size. Turon et al. [44] have suggested the lowering of the interfacial strength value

15



T° to increase the length of the cohesive zone and allow for the bigger elements.
25 However as shown in Fig. 8 too much lowering of the interfacial strength creates
problems in capturing the high gradient of G near the free edge. Because of the
symmetry the energy release rate distribution on only one half of the front is plot-
ted. In what follows the value of 20 MPa is used for interfacial strength to ensure
enough elements exist in the cohesive zone. With this value, the cohesive zone

20 Spans approximately 8 elements.

— VCCT

- == T{=30 MPa
—=— T{=20 MPa
—— T{=15 MPa
—e— T{=7.5 MPa

=]
[
o

Energy Release Rate G, kJ/m?)
S o
o —_—
oo [\

=
o
X

5 6 7 8 9 10
Position Along Crack Front (mm)

Figure 8: Energy release rate distribution along initial crack front for DCB specimen for differ-
ent values of interfacial strength.

Table 1: Material properties of HTA/6376C carbon/epoxy [23, 40, 41].

Elastic Constants Interface Properties  Paris Law Constants
FEy1 (GPa) 120 G (kJ/m?)  0.260 C; (mm/cycle) 0.0616
Ea = Es3 (GPa) 105 Gipe (kJ/m?) 1.002 m; 5.4
G2 = Gi3 (GPa) 525 K (N/mm?3) 10° Crr (mm/cycle)  2.99
G (GPa) 3.48 TP (MPa) 30 mir 4.5
V12 = 13 0.3 TP (MPa) 60

Va3 0.51 7 2.73

16



245

The crack front evolution for 15 steps with Ad,,.; = 0.2 mm is demonstrated in
Fig. 9. To make sure that the accuracy is in an acceptable range, a small value for
the step size is chosen. Because of the drop in the energy release rate value near
the free edges (Fig. 8) the initial straight line changes to a curved shape. As was
discussed in section 2.2 when the level set function is updated and the new crack
front is found, damage values at the integration points with the negative value

of the level set function are set to 1 (Fig. 5). This will cause the crack front to
fall inside the cut elements and be influenced by the shape of the element bound-
aries. As a consequence oscillations may occur in the energy release rate values
computed at the nodes. These oscillations reduce by mesh refinement and can be
removed by applying a smoothing procedure. Here the smoothing is applied each
time the finite element model is solved by ABAQUS and the energy release rate
is obtained at the nodes of elements that are cut by the front. Oscillations in the

energy release rate will be discussed in more detail in the next example.

/ ///ﬂ

. ‘

Figure 9: Evolution of crack front under cyclic loading for DCB specimen.

17
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3.2. Circular Delamination Specimen

In this section another example is studied to investigate the performance of the
presented approach. A circular delamination test with a central crack for mode I1
delamination is modeled [45]. The position of the circular crack and the bound-
ary conditions are schematically shown in Fig. 10. With the depicted boundary
conditions the crack growth will be in mode II only. The specimen has a radius of
20 mm, thickness of 1 mm and the radius of the initial crack is 5 mm. The ma-
terial of the specimen is HTA /6376C carbon/epoxy (Table. 1).-The laminate is
made from two [—45/90/45/0], sublaminates. The initial erack is located between
the two sublaminates. This layup makes the laminate and the individual sublam-
inates quasi-isotropic which means that the in-plane material properties can be
homogenized. The homogenized properties are shown in Table 2. Paris equation

material parameters C' and m for mode II are taken equal to 2.99 mm/cycle and

!

4.5 respectively.

77,

Figure 10: Circular Delamination Specimen.

Table 2: Homogenized material properties of HTA /6376C carbon/epoxy.

E(GPa) v G (kJ/m2) T% (MPa)
47.77 0.3 1.002 60

The finite element model constructed for the circular delamination test is shown

in Fig. 11. The load applied to the center of the specimen is 400 N. Two rows of

18
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the ABAQUS continuum shell wedge elements (SC6R) at above and below the de-
lamination plane are used. These elements follow the first-order shear deformation
theory and only have translational degrees of freedom. Between these two rows,
one layer of cohesive elements with zero thickness is inserted. Although the model
with homogenized laminate properties is axisymmetric and can be reduced to a
2D model, this will not be favorable since the goal here is to investigate 3D crack
growth. However symmetry is used to only model a quarter of the specimen. To
capture the traction distribution accurately at the crack front, a fine mesh is used.
In the initial delaminated area which represents a circle with radius of 5 mm no

cohesive elements are used and contact is defined to prevent interpenetration.

U, Magnitude
+1.023e+00
+8.523e-01
+6.818e-01
+5.114e-01
+3.409e-01
+1.705e-01
+0.000e+00

Figure 11: Finite element model of the circular delamination specimen.

As it is shown in the flowchart depicted in Fig. 6 the first step is to solve the fi-
nite element model and calculate the energy release rate at the crack front. The
cohesive zone obtained from the finite element solution of the model in the first

step is shown in Fig. 12.

As shown in Fig. 4, the crack front may pass through elements and is not neces-
sarily aligned with the element boundaries. In the elements that are cut by the

crack front the damage value d (Eq (4)) in the nodes on the cracked sides is set to

19



Damage

+9.838e-01
+9.837e-01
+8.961e-01
+8.086e-01
+7.210e-01
+6.335e-01
+5.459e-01
+4.584e-01
+0.000e+00

Figure 12: Cohesive zone ahead of the crack front.

1. This will cause the crack front to fall somewhere inside the element and be af-
fected by the shape of the element boundaries. This may create oscillations in the

200 calculated energy release rate values. However by reducing the element size the os-
cillations will reduce and the solution will improve. Energy release rate values for
a circular crack with radius of 10 mm where the crack is no longer aligned with
the element boundary are shown in Fig. 13 for two mesh sizes. The angle 0 in Fig.
13 is the angle with the x axis which is aligned with the horizontal edge of the

205 specimen in Fig.12. As it is seen in this figure oscillations have reduced for the
smaller mesh size. Besides reducing the element size, smoothing can also be used
for alleviating the oscillations. This will be discussed in more detail in the next
paragraphs. For obtaining the energy release rate by VCCT a 2D axisymmetric
model is made and ABAQUS’ own implementation of VCCT is used.

a0 The energy release rate calculation and crack growth for an elliptical crack is also
examined. An elliptical crack with major axes of 5 and 10 mm is inserted in the

mid-plane of circular delamination specimen. As shown in Fig. 14 good agreement

20
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Figure 13: Energy release rate distribution along crack front.

exists between energy release rate values calculated using cohesive elements and
values obtained from VCCT. Because for the initial crack, element boundaries are
actually aligned with the crack front, the energy release rate curve is smooth and
no oscillations are present.

As it is seen in Fig. 14 the maximum energy release rate value occurs at ¢ = 0.
The size of the cycle jump AN is obtained by choosing Ad,,q, equal to 0.3 mm
(Eq. (16)). A small value for Aa,,,, is chosen to ensure that the results have ac-
ceptable accuracy. The damage values assigned to integration points after 3 steps
of crack growth are depicted in Fig. 15. The white area in Fig. 15 shows the ini-
tial crack and the red area shows the crack extension. The finite element model
is solved using these damage values and energy release rate along the new crack
front is calculated. Obtained energy release rate values for this step are plotted
in Fig. 16. As it is seen in this figure oscillations exist in the energy release rate
values. As was discussed earlier the noise can be reduced by refining the mesh

but also a smoothing procedure can be applied to remove the oscillations. The
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Figure 14: Energy release rate at crack front.

smoothed curved is plotted in Fig. 16. Here the Savitzky-Golay filter [46] has
been used for smoothing.

As it is observed from Fig. 16 the energy release rate can be obtained accurately
by integrating the traction-separation curve at integration points in elements cut
by the crack front. The oscillations which occur in the energy release rate calcula-
tion can be alleviated by refining the mesh or by applying a smoothing procedure.
The crack front evolution for 20 steps with Ad,,., = 0.3 mm is demonstrated in
Fig. 17. The initial elliptical crack is expected to grow to a circular shape. As it is
seen in Fig: 17 the proposed method tracks the crack evolution to a circular front
very well. A slight deviation from a true circle is observed which can be reduced
by refining the mesh. As it is seen in Fig. 15 the meshing of the specimen is com-
pletely irregular. The presented benchmarks show the ability of the proposed ap-
proach to efficiently handle the two main constituents of fatigue crack growth sim-
ulations which are the calculation of energy release rates and the tracking of the

crack front.
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Figure 16: Energy release rate at crack front.
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Figure 17: Crack front evolution.
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4. Conclusion

A new method is proposed for modeling high cycle fatigue delamination in com-
posite materials. The presented approach is based on a cohesive zone model and
uses the level set method for tracking the crack front evolution in 3D problems.
The integration of the traction-separation curve at integration points-s used to
calculate the energy release rate accurately. This method is superior to VCCT
since it can be used for bi-material interfaces and no remeshing is required for ar-
bitrary crack growth. Smoothing is proposed to reduce the oscillations of the cal-
culated energy release rates at integration points. Since the velocity at the nodes
is required by the level set method, the Newton-Cotes integration scheme is used.
Unlike previous fatigue models based on the cohesive zone method, the presented
approach does not introduce new material parameters or require calculation of
an effective length. The benchmarks show the ability of the method to simulate

fatigue-driven delamination and track the front evolution in 3D.
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