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Summary: The simulation of progressive delamination in multilayered laminate components
under mode I and mode Il delamination are presented. Ply-level based modeling strategies are
applied for various choices of element types representing the plies including three-dimensional
continuum solid, two-dimensional continuum plane strain, shell, and continuum shell elements.
The interfaces between the plies are modeled using cohesive zone elements with either finite or
zero geometrical thickness. The conventional ply-level modeling strategy based on continuum
solid elements is used as reference solution. Double Cantilever Beam and End Notched Flexure
set ups are simulated. The delamination behavior of all models is quantitatively compared
in terms of nonlinear load-displacement curves and delamination area. The shell-based ply-
level model with finite thickness cohesive zone elements provides very good agreement in terms
of accuracy of the results and has high computational efficiency. This is very beneficial for
simulating delamination in large-scale and complex laminated composite structures.
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1. INTRODUCTION

Laminated composites have been actively investigated in the last few decades. They are
widely used in a variety of industries, including aerospace and automotive engineering, due
to their exceptional mechanical characteristics such as being lightweight and having excel-
lent specific stiffness, specific strength, and fatigue properties. Despite their superior perfor-
mance, laminated composites possess complex damage mechanisms such as matrix cracking,
fiber breakage, plasticity-like effects, and delamination [1]. Such damage in laminated com-
posites is potentially dangerous because it can significantly reduce the load-carrying capacity,

which can lead to failure of the composites structure [2, 3].
Delamination. i.e. inter-laminar fracture. i< one of the most dominant defects that arice in
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release rate. Double Cantilever Beam (DCB) and End Notch Flexure (ENF) test set-ups are the
most common experimental tests to examine the delamination behavior under opening mode
and shear mode loading conditions, respectively. However, experimental methods are time-
consuming, costly, and rarely used to test full scale structures. There, computational methods
within the framework of the Finite Element Method (FEM) offer an efficient way for studying
the delamination behavior of laminated composites. Moreover, computational methods are ca-
pable to predict the nonlinear mechanical behavior under various loading conditions at various
length scales [5].

The most common approach that has been used to predict delamination is the Cohesive Zone
Model (CZM) [1, 2, 3] which was first introduced in the studies of Dugdale [6] and Barenblatt
[7]. In terms of computational effort, the CZM approach is more practical compared to other
fracture mechanics based approaches like e.g. the Virtual Crack Closure Technique because of
its capability to make predictions without pre-existing cracks [4]. Due to its flexibility, the CZM
approach has been used for investigating a variety of fracture problems including delamination
behavior and has been proven to be efficient [1].
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Typically, laminated composites are geometrically modeled as a stack of homogeneous or-
thotropic layers. At meso-scale level, the stack model can be categorized into stacked shell
models and stacked continuum models both of which are so called ply-level models where ev-
ery ply and every interface of the laminate is modeled explicitly. Ply-level models have been
widely used by employing various element types for the plies in combination with different
cohesive zone modeling techniques. Schwab and Pettermann [8] combined shell elements with
finite thickness cohesive zone elements (CZE) to simulate the failure mechanisms due to impact
events on fabric reinforced laminated composites. The shared node coupling technique is used
to connect the cohesive layer and the adjacent plies. The modeling approaches based on shell
elements show accurate results and present an excellent performance in terms of computational
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Five different ply-level models including two-dimensional continuum plane strain, shell, con-
tinuum shell, and three-dimensional continuum solid elements with zero-thickness CZEs, and
shell elements with finite-thickness CZEs are used. DCB and ENF test set ups according to
DIN EN 6033 and 6034 standards are investigated, respectively, by using the commercial FEM
package Abaqus/Standard 2020 (Dassault Systemes Simulia Corp., Providence, RI, USA). The
delamination response of the ply-level models is quantitatively compared including nonlinear
load-displacement curves and delamination area. Finally, the computational efficiency is evalu-
ated in terms of the computation time.

2. PLY-LEVEL MODELS

Ply-level modeling approaches with various choices of element types are studied. The mod-
eling strategies of one interface and the adjacent plies are illustrated in Figure 1. Figure 1(a)
presents a ply-level model that is composed of shell elements for the plies, together with finite
geometrical thickness of CZEs, denoted as SPLF. The constitutive thickness of CZE is set to
be equal to the geometrical thickness. The nodes at the midplanes of the shell elements are
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eling strategy, the surface-to-surface based tie constraints are used as in SPLZ model. The ply
surfaces are directly defined from top and bottom surfaces. Generally, for the tie constraint, the
surface-to-surface formulation is used to avoid stress noise at tied interfaces [11].

3. APPLICATION EXAMPLES

DCB and ENF simulations are performed to investigate the opening mode (mode I) and
shear mode (mode II) delamination, respectively. The modeled laminates comprise eight plies
where the CZEs connect all adjacent plies. Five different ply-level models as mentioned in
Section 2 are realized.

The overall dimensions, boundary conditions, and loading scenario of the DCB and ENF
simulations are illustrated in Figures 2 and 3, respectively. The nominal ply thickness of
0.31625 mm is used leading to the total thickness, 24 = 2.53 mm. In z-plane view, each ply is
discretized using a regular mesh with an element size of [, = 0.158125 mm and [/, = 1.0 mm.
The mesh around the initial delamination is visualized in Figure 4. To ensure the stability of the
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Figure 2. The overall dimensions, boundary conditions, and loading scenario used in the DCB
simulations
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The constitutive response of the CZEs is defined using the Abaqus built-in traction-separation
law. Damage initiation of the CZEs is predicted according to a quadratic nominal stress crite-
rion [11]. Damage evolution is modeled based on the critical energy release rate in combination
with a linear softening relation. For completeness, the mixed-mode conditions are prescribed
with the Benzeggagh and Kenane criterion [15], where the parameter upon damage initiation
1 of 2.0 is chosen. Table 2 lists the CZE properties describing the constitutive response of the

Table 1. Homogenized ply material properties of a woven carbon fiber reinforced composites.

from [13] from [14]
Young’s moduli (N/mm?) E,=FE, =56589.32 *E, = 10066.00
Shear moduli (N/mm?) Gyy = Gx, = Gy, =4185.86
Poisson’s ratio Uxy = 0.045 Vi = Uy, =0.33

* only apply to CPEZ and CPLZ
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Figure 4. The mesh visualization of the plies and CZEs around the initial delamination for
different ply-level models.

Table 2. The interface properties defining the initial stiffness together with damage initiation
and propagation parameters [16].

Mode I Mode Il

Initial stiffness, K (N/mm?) 10° 10°
Inter-laminar strength, t (N/mm?) 60 79.289
Critical energy release rate, GG. (N/mm) 0.9 2.0

interface. All CZEs have been assigned the same value of K independent to the geometrical
thickness. The inter-laminar strengths, ¢, are taken from [5]. The critical energy release rates,
G., are taken from values published in [16].

The geometric nonlinear analysis option is utilized since large deformation are taken into
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account. A displacement rate of 0.005 mm/s is used. Frictionless contact condition is estab-
lished for the ENF simulation to prevent penetration of the plies at the initial delamination. The
contact interactions within the simulation are prescribed using the surface-to-surface algorithm
of Abaqus/Standard. Hard contact with a linear penalty stiffness definition is used. The contact
stifftness of SPLF, SPLZ, CSPLZ, and CPLZ is reduced by 42.5 % from the default value of 1
while the contact stiffness of CPEZ is increased by 15 %. Adaptive automatic stabilization is
activated to improve convergence. For the dissipated energy fraction, the defaultf value of 2.0 x
10~ is used and for the automatic damping algorithm, the accuracy tolerance of 0.05 is utilized
[11].

4. RESTILTS AND DISCUSSION
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model 1 combination with the high stiffness assigned to the CZEs. ‘'lo address this 1ssue, a
modification of the traction-separation based constitutive law can be applied, see e.g. [1].

The process zones (PZ) and the delamination area of the three-dimensional ply-level models
are presented in Figure 6. Figure 6(a) shows the PZ at the maximum load, just before the delam-
ination starts to propagate. Proper resolution of the PZ near the delamination tip is important to
ensure the accuracy of the simulation of delamination propagation. It has been shown by Falk
etal. [17] that 4 - 10 elements are sufficient to reliably predict the delamination growth. For the
proposed ply-level models, the number of elements in PZ is between seven and nine elements.
Figure 6(b) illustrates the PZ and the delamination area (grey elements) at the end of the loading
event.

The delamination areas of all models at the maximum displacement of 20 mm show com-
parable results and are summarized in Table 3. The delamination area of the SPLF model is
slightly larger compared to the other ply-level models. As shown in Figure 5, the structural
stiffness of the SPLF model is slightly higher before the maximum load but the delamination
starts to propagate at a smaller applied displacement. This causes the differences in delamina-
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Figure 6. Fracture process zone and delamination area (a) at the maximum load and (b) at the
maximum displacement of the DCB simulations. Grey elements represent the fully damaged
CZE. (c) shows the stiffness degradation of the SPLF model along z-direction at (a) and at (b).

tion area.

The SPLF model shows a very good computational efficiency compared to the other three-
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Table 3. The delamination area, total number of DOFs and computation time of DCB simula-
tions for the ply-level models.

Ply-level models Delamination Area (mm?) Number of DOFs Computation Time (s)

CPEZ 14.21 30368 425
SPLF 15.47 91104 636
SPLZ 14.68 91104 739
CSPLZ 14.68 91104 1172
CPLZ 14.37 91104 1015
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1nation response. lhere 1s a delay before the delamination starts to propagate even though the
maximum load is close to those of the other models. The reason for this behavior is unclear
and will not be discussed any further in this paper. In general, the PZ in the ENF simulations is
larger than in the DCB simulations due to the higher critical energy release rate associated with
mode II delamination. For the current models, the PZ in the ENF simulations is approximately
three times larger than for the DCB test.

The delamination area at the maximum displacement of 20 mm is listed in Table 4 along
with the number of DOFs and the computation time. The delamination area of the CPEZ, SPLF,
and SPLZ models is the same as for the reference model. Again, the SPLF model provides a
very good compromise between computational efficiency with a computation time of around ten
minutes and reliable results. The computational time of the SPLF model is even close to those of
the CPEZ model which has significantly lower number of DOFs. This difference occurs due to
the numerical issues of the model which leads to significantly smaller displacement increments.
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S. CONCLUSIONS

A numerical method for studying progressive delamination in laminated composites based
on cohesive zone elements is presented. Five different ply-level models are evaluated and com-
pared in terms of load-displacement curves and delamination area. Double cantilever beam
and end notch flexure test set-ups are utilized to investigate mode I and mode II delamination.
All models show reliable results when compared to continuum element based ply-level models
used as reference. The shell based ply-level model with finite thickness cohesive zone elements
shows a very good performance in terms of computational efficiency and accuracy of the re-
sults. Consequently, the use of this strategy can be very beneficial for simulating delamination
in large-scale and complex laminated composite structures.
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