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Abstract. A mesoscopic, geometrically and physically nonlinear finite element model based
on solid-like shell elements is presented for the simulation of impact damage in laminated
composite structures. To model matrix cracking, a discontinuous solid-like shell element
(DSLS) is utilized. A partition of unity approach is exploited to incorporate the discontinuity
in the shell mid-surface, shell director and internal stretching field. This enables the element
to model arbitrary propagating cracks through a finite element mesh. The element has only
displacement degrees of freedom, thus avoid the need for a complicated update of rotation
degrees of freedom in nonlinear applications. The model is also able to predict the buck-
ling response of laminated composites. To model delamination phenomena, a shell interface
model is developed. The model allows computationally efficient simulation of delamination
and evaluation of the consistently linearized tangent stiffness matrix for large deformation
problems, which is essential for convergence. To model the coupled response of matrix crack-
ing and delamination under large deformations, a computational framework is developed.
The combined modeling of matrix cracking and delamination is achieved without incorporat-
ing of additional degrees of freedom. A numerical example is presented to simulate failure
resulting in matrix cracking and delamination in laminated composite shell structures.
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1 INTRODUCTION

Fiber-reinforced composites are used in a variety of fields of engineering including
aircraft, marine and defense industry. The composite structures are susceptible to impact by
foreign objects. The impact on composite structures causes significant damage in terms of
matrix cracking and delamination. It has been experimentally observed, e.g [1,2,3], that these
two damage mechanisms appear concurrently and there is a strong interaction between them.
This necessitates a need for performing an adequate failure analysis on mesoscopic level.



Failure analysis is imperative not only to determine the ultimate capacity of the struc-
tures but also to predict post-peak behavior. However, complexities exist in developing ef-
ficient numerical tools for the prediction of impact damage in laminated composites due to
the presence of different complex failure mechanisms and their interactions. In several stud-
ies, e.g [2,4,5,6,7], failure based or continuum damage models have been proposed for the
prediction of impact damage in laminated composites. However, such models do not always
perform well in localization problems and may lead to mesh dependent results.

In order to better represent localization phenomena at the interface, cohesive zone
models were also explored to model delamination phenomena. [8] used interface elements
with cohesive zones to model delamination phenomena in fiber reinforced laminated compos-
ites subjected to in-plane loading. [9] modeled each ply of the laminate with a single layer of
solid elements. The process of delamination cracking was modeled by doubling the nodes at
the interface while matrix cracking damage was modeled with continuum damage model. Al-
though, the use of solid elements helps in obtaining the three dimensional stress field which is
crucial for delamination onset and propagation, these elements tend to lock (Poisson thickness
locking) and create numerical difficulties when used in thin shell applications. [10,11] pre-
sented a failure model based on solid-like shell elements and used a plasticity based approach
to model matrix cracking and interface elements for delamination cracking.

The process of matrix cracking also results in strain localization and therefore contin-
uum damage models or plasticity models create numerical difficulties in finite element compu-
tations. [12] and [13] used interface elements to model both matrix cracking and delamination
to simulate the in-plane and out of plane damage in laminated composites, respectively. How-
ever, the use of interface elements requires the finite element mesh to be aligned with the crack
geometry and the cracks can only grow along predefined locations.

A different approach to model cracking in a material is to use the partition of unity
approach [14], which allows modeling of arbitrary propagating cracks through the finite el-
ement mesh. Such class of methods have been explored for modeling the in-plane response
of composite laminates e.g [15,16]. For modeling mesh independent matrix cracking in lam-
inated plates and shells, [17] presented a discontinuous shell model based on the phantom
node method [18].

In this contribution a meso-scopic failure model for laminated composite plates and
shells is presented. The failure model allows for arbitrary propagation of matrix cracks
through the finite element mesh of solid-like shell elements. Delamination cracking is mod-
eled using a shell interface model. A computational framework is developed in order to take
into account the coupled response of matrix cracking and delamination during events of im-
pact damage.

2 PROGRESSIVE FAILURE MODEL

A meso-scopic progressive failure model is presented, where each ply of the laminated
composite is modeled with a single layer of solid-like-shell elements [19]. The model has been
extended to incorporate higher order strains [20], which becomes important in the presence
of large strains with bending deformations and shells with large bending curvatures [21]. A



total Lagrange approach is used to simulate large deformation problems. The shell model is
also able to simulate the buckling response of composites, which is crucial during events of
impact, as it can substantially reduce the strength of the laminate and may trigger other failure
mechanisms such as buckling induced cracking and/or delamination.

2.1 Intra-ply damage

To simulate matrix cracking (intra-ply damage), a discontinuous solid-like shell ele-
ment (DSLS) [20] is used. The discontinuity in the shell mid-surface, shell director and more
importantly in the internal stretching field is incorporated by exploiting the phantom node
method [18], where an element crossed by a crack is replaced with partially active overlap-
ping elements, see figure 1. This enables the element to model arbitrarily propagating cracks
through a finite element mesh. In [17], the discontinuous solid-like shell element (DSLS) has
been successfully used to model matrix cracking in laminated fiber reinforced shell structures.
The crack growth direction is taken equal to the fiber direction.
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Figure 1. Discontinuous solid-like shell element, (a) discontinuity in the shell mid-surface,
(b) discontinuity in the shell director, (c) discontinuity in the internal stretching field due to
un-symmetric bending on both sides of crack

2.2 Inter-ply damage

To model delamination cracking (inter-ply damage), a finite element method for de-
lamination proposed by [22] is utilized, which is an alternative approach for modeling interfa-
cial phenomena compared to traditional interface elements. This method allows for complete
kinematic description of interfaces as opposed to interface elements. As a result it becomes



possible to obtain a consistently linearized tangent for the interface contribution, which is
important for quadratic convergence of the Newton-Raphson scheme.

2.3 Coupled response of matrix cracking and delamination

Matrix crack

Figure 2. Progressive failure model

The presence of a matrix crack in one or both plies connected to a common interface
results in a discontinuous interface (see figure 2). In order to properly take the interaction
between matrix cracking and delamination into account, one or both planes of the interface
have to be updated. In case of bending dominated problems, if the cracked interface is not
updated (see figure 3), it will result in incorrect computation of normals to the interface and
therefore will result in incorrect computation of damage. As a consequence the load capacity
will be over-predicted, as is shown by [24].

In order to model an adapted interface, a partition of unity approach can be used. How-
ever, due to the fact that interfaces in our shell interface model are defined as an integral part
of the continuum elements, an advantage can be taken from the database which has already
been generated for matrix cracking. This will automatically update the connectivity of the
elements connected to an interface. As a consequence, no additional model and degrees of
freedom are added to incorporate the discontinuity in the two planes of the interface.

For integration of the interface contribution, a nodal integration scheme is used in-
stead of a Gauss integration scheme, in order to avoid traction oscillations in the response. A
traction-separation law based on the cohesive law of Xu and Needleman [23] is used, where
the mode-micxity is taken into account by the Benzeggagh-Kenane [25] mode mixity criterion.
More details on the cohesive model can be found in [24].

3 Two ply laminated plate

In order to investigate the performance of the progressive failure model in predicting
the onset of damage, the interaction between matrix cracking and delamination and their prop-
agation, a two ply laminated plate subjected to a quasi-static point load in the middle of the



(a) Adapted interface (b) Un-adapted interface
Figure 3. Adapted and un-adapted interfaces

plate is analyzed. The geometry of the plate is shown in figure 4. The material properties used
for the analysis are given in table 1.

Table 1. Material properties for laminated plate analysis

’ Laminate properties ‘ Interfacial properties
Ei; (GPa) 140 | G;. (N/mm) 0.3
EQQ = E33 (GPa) 10 G][C (N/rnm) 0.7
G12 = G13 (GPa) 5 fgt (MPa) 50
Vig = 13 0.21 f12 (MPa) 30
Va3 0.21
, Clamped
0.2
0.2

‘76: o° Clamped
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Figure 4. Plate model

For the analysis two laminate configurations are used, namely [0°/90°] and [0°/75°.
Only half of the plate was modeled in the analysis purpose. It is noteworthy that the same finite
element mesh is used for both the analysis, which in case of the alternative use of interface
elements for modeling matrix cracks, would have required a generation of separate meshes in
order to align the element edges with the crack. The analysis is performed with an uncracked
plate and only single a matrix crack is allowed to initiate and grow in each ply.

Figures 5 shows the analysis results for both laminate configurations. Figures 5a and
¢ show the delamination damage along with the matrix crack, while figures 5b and d show the
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(a) Delamination damage and (b) Opening displacement at the
matrix crack (0/90) interface (0/90)
(c) Delamination damage and (d) Opening displacement at the
matrix crack (0/75) interface (0/75)

Figure 5. Analysis results



opening displacement at the interface. As was expected, a bending crack appeared in the bot-
tom ply. Furthermore, it can be observed that the model predicted the two lobe peanut- shape
delamination area very well for each laminate configuration. The delamination is aligned with
the fiber direction of the lower ply along with the matrix crack, as is usually observed during
experiments. Figure 6 shows a zoom at the crack for a [0°/75°] laminate configuration. It can
be observed that the crack is not aligned with the finite element mesh.
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Figure 6. Zoom at crack (0/75)

4 CONCLUSIONS

A progressive failure model for damage in laminated composite plates is presented.
The model uses solid-like shell elements which on one hand able to model thin plies of the
laminate and on the other hand give a complete three dimensional state of stress. This is cru-
cial for delamination damage. The model is capable of simulating mesh independent matrix
cracking. In addition to this, a strong interaction between the matrix crack and delamination
damage is captured and a peanut-shape of delamination damage zone is predicted properly for
a two-ply laminate.
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