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Abstract

A finite element model based on solid-like shell elements is presented for the simulation of
progressive damage in laminated composite structures. To model mesh independent matrix
cracking, a discontinuous solid-like shell element (DSLS) is utilized. The shell element has
only displacement degrees of freedom, thus avoids the need for a complicated update of
rotation degrees of freedom in nonlinear applications. To model delamination phenomena, a
shell interface model is presented. The model allows computationally efficient simulation of
delamination. To model the coupled response of matrix cracking and delamination under
large deformations, a computational framework is developed. The combined modeling of
matrix cracking and delamination is achieved without incorporation of additional degrees of
freedom. In addition to physical nonlinearities, the numerical model is also able to simulate
geometrical nonlinearities. Numerical examples are presented to simulate failure resulting in
cracking and delamination in laminated composites.

1 Introduction

The increasing use of fiber-reinforced composites in modern day world has also increased the
significance of performing failure analysis for reliable and safe design of fiber reinforced
laminated composite structures. This necessitates a need for developing robust and efficient
numerical tools, able to properly take into account the progressive damage in these structures.
For instance, 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.
However, complexities exist in developing efficient numerical tools due to the presence of
different failure mechanisms and their interactions. In several studies, 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, which may lead to mesh dependent results and a wrong failure mode.

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 composites
subjected to in-plane loading. [9] modeled each ply of the laminate with a single layer of solid
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elements. The process of delamination cracking was modeled by doubling the nodes at the
interface, while matrix cracking damage was modeled with a continuum damage model.
Although, 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] presented 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 continuum
damage models or plasticity models create numerical difficulties in finite element
computations. [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. However, 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 element mesh.
Such class of methods has been explored for modeling the in-plane response of composite
laminates e.g. [15,16]. For modeling mesh independent matrix cracking in laminated plates
and shells, [17] presented a discontinuous shell model based on the phantom node method
[18].

2 Progressive failure model

In this contribution a meso-scopic failure model for laminated composite plates and shells is
presented. Two key damage mechanisms, i.e. matrix cracking/splitting and delamination
damage are considered in this work. A computational framework is developed to take into
account the coupled response of matrix cracking and delamination during events of impact
damage, see figure 1. Owing to the three dimensional nature of damage, especially
delamination damage, solid-like shell elements are used to model each ply with orthotropic
material properties. This not only provides a three dimensional state of stress for failure
analysis but also removes Poisson thickness locking, commonly found in solid elements, and
thus avoids the need of a high degree of mesh refinement in thickness direction to model thin
plies of laminates. The progressive failure model allows for arbitrary propagation of matrix
cracks through the finite element mesh. Delamination cracking is modeled using a shell
interface model. Details of mathematical models to simulate each failure mechanism are
given below.

2.1 Matrix cracking/splitting damage

To simulate matrix cracking, a discontinuous solid-like shell element (DSLS) [19] 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]. 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.

2.2 Delamination damage

To model delamination cracking, a finite element method for delamination proposed by [20]
is utilized, which is an alternative approach for modeling interfacial phenomena compared to
traditional interface elements. This method allows for complete kinematic description of
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interfaces as opposed to interface elements. As a result, it becomes possible to obtain a fully
consistently linearized tangent for the interface contribution, which is important for quadratic
convergence of the Newton-Raphson scheme. Particularly, for geometrically nonlinear
problems, where large changes in normal vector and area of the cohesive crack surfaces,
require computation of cohesive geometric stiffness [21,26]. In case of traditional interface
elements, this cannot be achieved due inadequate kinematic description of the interfaces.

Matrix crack

(a) Adapted interface (b) Un-adapted interface

Figure 2. Kinematics of adapted and un-adapted interface

2.3 Progressive damage - Numerical aspects

2.3.1 Coupling between matrix cracking and delamination

The presence of a matrix crack in one or both plies connected to a common interface results in
a discontinuous interface (see figure 1). 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 2), 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 was demonstrated in [23].
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In order to model an adapted interface, a partition of unity approach can be used. However,
due to the fact that interfaces in our shell interface model are defined as an integral part of the
continuum elements, 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.

2.3.2  Crack growth under large deformation

In cohesive zone models the tractions are transferred through a unique crack surface, but
when a body undergoes large deformation, no unique crack surface can be defined. Usually
the non-uniqueness in defining a normal to an interface is avoided by defining an average
crack surface, [21]. However, this assumption leads to incorrect kinematic description of the
interface. This can be demonstrated through a simple example. Consider an interface (figure
3), which is given a rigid rotation.
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Figure 3. Cracked surface under large deformation/rotation

The deformation gradients of the interfaces 5, C’D and a fictitious average interface E"D
are given as:

0 0 1 100 05 0 05
F,={0 1 0|,F.,=010[,F,= 0 1 0
1.0 0 00 1 ~05 0 05

Accordingly, the area ratios for the three surfaces are

da da da
<2 =10, —2=10, £2.=().7071
dA dA dA

Where dam,dam andda  are the deformed areas of the three surfaces and dA is the
reference crack surface area. Above computation shows that there is a reduction of the
deformed area, which is un-realistic for the problem under consideration. The reasons for such
a behavior are obvious and are also schematically illustrated in figure 3. It can be inferred
from the figure that an average kinematic assumption for the interface, inherently assumes

that the interface will not follow the curved path. The correct average crack surface should
have been E'D, instead crack surface E’D is predicted and the interface front is located at
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the chord. This results in a decreased interface length 1. = 0.3536. However, it is worth to note
that the magnitude of the error induced by using averaging kinematics is also dependent upon
the geometry, the boundary conditions of the body and the magnitude of interface rotation.

2.4 Constitutive laws

In meso-scopic analysis, where each ply of the laminate is modeled with a single layer of
solid-like shell elements in thickness direction, the ply is considered to be of homogeneous
material with orthotropic material properties. A cohesive constitutive law based on the
cohesive law of Xu and Needleman [22] is used, both for matrix and delamination cracking.
The mode-mixity is taken into account by the Benzeggagh-Kenane [24] mode-mixity
criterion. More details on the cohesive model can be found in [23].

3 Numerical Results

3.1 Peel test

A peel test is performed to demonstrate the rapid convergence and efficiency of the shell
interface model. A similar type of problem was also analyzed by [21]. The geometry of the
model is shown in figure 4.
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Figure 4. Peel test model geometry

A displacement controlled analysis is performed. A total displacement of 4mm is applied in
20 equal increments. The bulk material is considered to be isotropic, homogeneous with
Young’s modulus, E = 100Mpa and Poisson ratio equals to zero. A bi-linear isotropic
cohesive law is assumed for the cohesive crack. The cohesive strength is assumed to be 3MPa
and fracture toughness is 0.74 N/mm. The performance of the present model is judged by
comparing the relative residual norms ( R/R,) at a particular displacement step with the results
obtained without the contribution of cohesive geometric tangent stiffness. R, is the residual
norm of the initial iteration. The solution is considered to converge when the relative residual
norm becomes less 1.0e-10. Table 1 compares the residual norms at various load steps. Figure
5 shows the deformed shapes at different displacement increments. Note that the deformation
is not scaled.

5

Iter; No. u=1 u=>2 u=3 u=4
1 6.4360e-01 5.4281e-01 4.8312e-01 7.2589E-01
2 1.5532E-02 2.8160E-02 3.4767E-02 2.5194E-02
o 3 2.8335E-04 2.8160E-02 3.7535E-03 3.9396E-03
= 4 1.6041E-05 3.9804E-03 1.6415E-04 5.7263E-04
: 5 8.4909E-07 3.5507E-04 1.2344E-05 6.3328E-05
& 6 4.4167E-08 4.1491E-05 8.7764E-07 8.9142E-06
= 7 2.2913E-09 5.4756E-06 6.1688E-08 1.2855E-06
é 8 1.1883E-10 7.1784E-07 4.3281E-09 1.8603E-07
E 9 6.1623E-12 9.3925E-08 3.0360E-10 2.6934E-08
10 --- 1.6069E-09 2.1297e-11 3.8998e-09
11 --- 2.1018E-10 --- 5.6466e-10
12 --- 2.7491E-11 --- 8.175%e-11
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Ro 7.6992¢-01 5.5356e-01 4.5706e-01 5.0098¢-01
_ 1 6.44E-01 5.65E-01 5.06E-01 8.04E-01
= 2 1.51E-02 2.57E-02 3.26E-02 3.38E-02
2 3 3.95E-05 5.54E-03 1.75E-03 1.07E-02
> 4 1.71E-09 1.29E-04 1.12E-06 1.03E-03
< 5 3.59E-14 6.51E-09 3.16E-12 1.57E-06
= 6 1.2313e-13 2.0949¢-11
Ro 7.6948e-01 5.5957e-01 4.6187e-01 5.7969e-01

Table 1. Relative residual norms after every iteration in different displacement increments

It can be observed that the shell interface model converges rapidly and a quadratic
convergence is achieved. The number of iterations required to obtain a converged solution is
almost half compared to the analysis without the cohesive geometric stiffness contribution,
which is usually the case with traditional interface elements.

Figure 5. Deformed shapes at displacement increments, i =1,2,3and 4

3.2 Two-ply laminated plate,[0/90]

A two-ply [0/90], square laminated plate with length 20mm, loaded quasi-statically with a
center point load, is analyzed (see also [23]). The thickness of each ply is 0.2mm. The
material is considered to be carbon-epoxy. Due to symmetry, only one-half of the plate is
modeled. Figure 6 shows the damage progress at different load steps. It can be observed that
progressive damage in terms of initiation and growth of matrix cracks and simultaneous
development of delamination is modeled properly. Note that the two processes i.e. progress of
a traction free crack and delamination, are growing side by side, signifying strong interaction
between the two mechanisms. A typical peanut-shape delamination area, as observed during
experiments [25], is predicted.

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, are able to model thin plies of the
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laminate and, on the other hand, give a complete three dimensional state of stress. This is
crucial 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.
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Figure 6. Damage progression in a two-ply laminated plate subjected to quasi-static transverse load
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