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Damage Propagation in Composite Structures using an
Embedded Global-Local Approach

A. Riccio', M. Zarrelli’ and F. Caputo'

Abstract: In the present paper a three-dimensional Progressive Damage Approach
(PDA) for laminated composites will be presented. This approach is based on the
use of a progressive damage finite element with the geometrically non-linear finite
element formulation for stress calculation. The FEM element has been integrated
with Hashin’s failure criteria to split fibre and matrix failure modes and to sim-
ulate stiffness degradation within each ply by means of the Ply Discount Method
(PDM). FEM code previsions, in the case of complex structures with different mesh
densities and element types, were compared with the results obtained using embed-
ded global-local approach to prove the effectiveness of the implemented code. As
experimental test-case, the structural behaviour of a notched panel, under tensile
load has been investigated. Obtained numerical results have been compared with
both numerical and experimental data, available from the literature. Finally, a com-
parison between a full 3D model and a global-local model has been performed in
order to evaluate the effectiveness of the developed progressive damage approach
in global-local analyses..

Keywords: progressive damage, failure criteria, degradation rules, global-local
approach.

1 Introduction

Composite materials are commonly used in aircraft structures. The strength, the
stiffness and the lightweight properties of composites make their use very attrac-
tive, but the brittle failure, characterising their structural behaviour, is a real obsta-
cle to the development of a fully composite oriented design philosophy. Hence a
deep understanding of their strength and failure modes is very important in order
to provide reliable design of composite structures. For example, laminated com-
posite structures can develop local failure or exhibit local damage such as matrix
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cracks, fibre breakage, fibre-matrix de-bonds, and delaminations under normal op-
erating conditions which may contribute to their failure. The ability to predict the
initiation and growth of such damage is essential for predicting the performance of
composite structures and developing reliable, safe designs that exploit the advan-
tages offered by composite materials.

In recent years, the progression of damage in composite laminates has focused an
extensive research work. Ochoa and Reddy (1992) and Sleight (1999), Sleight et
al. (1997) presented an excellent overview of the basic steps in performing a pro-
gressive failure analysis. These basic steps have been investigated and commented
in Tessler and Riggs (1994) underlining the complexity of this type of analysis
based on five different key features. The first is a non-linear analysis capability
used to establish the equilibrium; the second, an accurate stress recovery procedure
is needed in order to evaluate the local lamina stress-state; the third, is a failure cri-
terion required to detect local lamina failure and to determine the mode of failure;
the fourth, is a material degradation or damage model to estimate local material
properties during the delamination propagation; finally, the fifth, is a procedure to
re-establish the equilibrium state being altered the local lamina properties. Initial
failure of a layer within a laminate of a composite structure can be predicted by
applying an appropriate failure criterion or first-ply failure theory. Various failure
criteria have been proposed in literature [Paris (2001); Nahas (1986); Armentani et
al. (2004); Tsai (1984); Reddy and Pandey (1987); Tsai and Wu (1971); Hashin
(1980); Hashin and Rotem (1973); Caputo et al. (2006); Sandhu (1974)]. Most
failure criteria are based on the stress-state in a lamina. Ideally, a 3D-dimensional
model is desirable for obtaining accurate stresses and strains. However, due to the
extensive amount of computational time required for a three-dimensional analysis,
two-dimensional models can be adopted too. Among the several failure criteria,
Hashin (1980); Hashin and Rotem (1973) proposed a quadratic failure criterion in
piecewise form on material strengths, where each smooth branch represents a fail-
ure mode. When a material allowable value of failure criteria is exceeded in a given
layer, the engineering material constants corresponding to the particular mode of
failure are reduced according to the material degradation model. A number of post-
failure material property degradation models have been proposed for progressive
failure analysis. Most of these material degradation models belong to one of three
general categories: instantaneous unloading [Murray and Schwer (1990)], grad-
ual unloading Chang and Chang (1987); Petit and Waddoups (1969) and constant
stress at ply failure [Hahn and Tsai (1983)]. One of the most common methods
used for degradation of material properties is the ply-discount theory [Murray and
Schwer (1990)], which belongs to the instantaneous unloading category. In the
past two decades, some researchers have given examples of progressive damage
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approaches Reddy and Pandey (1987); Pandey and Reddy (1987); Tolson and
Zabaras (1991); Coats (1996); Lo et al. (1996); Coats and Harris (1998); Reddy
and Reddy (1993).

In Reddy and Pandey (1987), a finite element procedure based on first-order shear
deformation theory for first-ply failure analysis of laminated composite plates is
presented. The method based on Tsai-Hill, Tsai-Wu and Hoffman failure criteria
worked very well for in plane-loading conditions but it reports inconsistency in
simulating progressive failure when transverse loading conditions were applied. In
Pandey and Reddy (1987), a linear analysis approach is adopted to predict the
behaviour of a laminated plate with hole subjected to uniaxial tension. However,
no comparison with experimental results is provided.

In Coats (1996); Lo et al. (1996); Coats and Harris (1998), Coats developed a
non-linear progressive failure analysis for laminated composites that used a consti-
tutive model describing the kinematics of matrix cracks via volume averaged inter-
nal state variables. The evolution of the internal state variables was governed by
an experimentally based damage evolutionary relationship. The methodology was
used to predict the initiation and growth of matrix cracks and fibre fracture. Most
of the residual strength predictions were within 10% of the experimental failure
loads.

In the present paper the modular three-dimensional progressive damage approach
for laminated composites implemented in ANSYS [ANSYS (1994)] and tested in
Riccio and Marciano (2005); Riccio (2005), has been used to develop a progres-
sive damage finite element based on the geometrically non-linear finite element
formulation for stress and strain calculation, in the commercial FEM code B2000
[SMR (2005)]. The FEM element has been integrated with Hashin’s failure criteria
to split fibre and matrix failure modes and with the ply discount method to simulate
the stiffness degradation in each ply. The FEM tool was tested together with an em-
bedded global-local approach (based on the interface technology) in order to prove
its effectiveness when dealing with complex structures that need to be modelled
by using different mesh densities and different element types. In the next sections
the theoretical basis of the implemented progressive damage procedure is briefly
introduced and the results of numerical analyses are shown. As an application, the
structural behaviour of a notched panel under tensile load has been investigated and
the numerical results obtained have been compared with literature numerical and
experimental data [Coats and Harris (1998)]. Finally, a comparison between a full
3D model and a global-local model has been performed in order to evaluate the
effectiveness of the adopted progressive damage approach in conjunction with an
embedded global-local approach.
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2 Theoretical Background

In this section, the theoretical background of the proposed progressive damage ap-
proach will be introduced. The stress evaluation, the failure criteria application and
the material properties degradation rules are components of the suggested formula-
tion that need to be considered simultaneously for the simulation of the functional
behaviour of composite structures with damage on-set and propagation. These
components will be briefly described below.

2.1 Stress evaluation

For stress evaluation, large displacements and large rotations (geometrical non-
linearity) have been taken into account by means of the Green Lagrange strain
tensor that, for the Total Lagrangian Formulation, can be written:

o Meij = heij + o€ (1
0&ij = oeij +oMij ()
with
N Y S o 3
0€ij = 3 (Oul,j +ouji+oUk,i0oUkj+oUki- Ouk,l) 3)
1
0mij = 5 (ouk,i - oux. ;) “4)

where ¢e;; and (1);; are, respectively, the linear and non linear part of strain ten-

u;
90x;
reference to the time 0. The stresses are represented by means of the second Piola-
Kirchhoff tensor that can be written:

sor and gu; ; = . The subscript O states that the quantities are calculated with
A
0 Sij = 0Sij+0Sij &)

In order to apply the failure criteria, the Cauchy Stresses are needed, that can be
calculated using the relation:

t
t = %f)X i hxT (6)

where 7; is the Cauchy Stresses tensor and (X is the deformation gradient at time 7.
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2.2 Failure criteria application

From the Cauchy Stress distribution, by means of suitable failure criteria, it is pos-
sible to predict the location and the type of damage. In the present FEM model
the Hashin’s failure criteria have been adopted since they can separately predict
the fibre breakage and the matrix cracking of each layer. In fact, in the Hashin’s
formulation is characterised by distinct polynomials associated to the different fail-
ure modes. In our three-dimensional problem, we have considered the following
failure modes :

Matrix tensile failure (o, > 0);
2 2 2
() (2)
) () () =1 Y
(%) () -
Matrix compression failure (o, < 0);
2 2 2
Oxx Oy > < O )
2 () (&) = ®)
(%) +(5) -5
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2 2 2
Oux Oy ) ( O )
|t )t ) =1 ©)
(%) +(&) (&
Fibre compression failure (o, < 0);
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Fibre-matrix shear-out failure (o, < 0);
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Fibre-Kinking failure (o, < 0);
2 2
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In the above equations, o;;are the stress components in the ij direction and S;;, Y,
X;, Y., X, are the material strengths.
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2.3 Material property degradation rules

The material property degradation rules are applied to account for the post-damage
material behaviour of each layer. This is necessary in order to perform a progressive
failure analysis until global failure. For each of the failure modes above mentioned,
according to the ply discount approach [Murray and Schwer (1990)], an appropri-
ate property degradation rule has been introduced according to the physics of the
damage mechanisms.

Matrix tensile and compression failure;

-y = k-Ey
. =k-E, (13)
Gy, =k-Gy,
Fibre tensile and compression failure;
E,=k-E,
(_;xy =Gy (14)
ze = Gyz
Fibre-matrix shear-out failure;
Gy = Gy,
- 15
ze = Gyz ( )
Fibre-Kinking failure;
E.=k-E,
iy = k-E,
=k-E
“z z 16
Gy =k- Gy, (10
C_;xz =k-Gy,
Gy, =k-Gy,

where k is a degradation factor and the over-lined properties indicate the corre-
sponding degraded values. Regardless of its physical meaning, in the present work
the degradation factor, k, is introduced to avoid convergence problems and to speed-
up the progressive damage procedure. In order to have an instantaneous degrada-
tion rule, the ideal case would be the case of k = 0 but performed simulation with
presented numerical model shows that a practical value of £k = 0.1 is found to work
very well. By using this value for the k parameter, the material properties are de-
graded enough so that they can be considered negligible, while, at the same time,
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the simulation is kept stable sufficiently to reach the convergence at each step. To
avoid excessive element distortions and Jacobian singularity when failure in all
plies occurs, the material properties for completely failed elements are increased
in the normal contact direction in order to make the element incompressible under
contact pressure.

3 Numerical Procedure

The numerical code chosen for the implementations is the “research-oriented” fi-
nite element software, B2000. This code is characterised by a modular structure
with processors exchanging data through a database called MEMCOM. In order to
implement the progressive damage procedure in B2000, some modules have been
created and some others have been modified. The new and the modified modules
of B2000 are represented in the schematic view of B2000 structure shown in figure
1.

Input file Outputs

A

i CONTINUATION
MACRO
PROCESSOR

\\ SR HR H \\ e 3 Baspl

A | i

S
\N il
MEMCOM DATABASE

Figure 1: Schematic Representation of the B2000 structure with PDA approach.

The input and the element processors have been modified in order to read the pro-
gressive damage input variables and to update the material matrix during the pro-
gressive damage analysis. A new module for the calculation of reaction forces in
non-linear analyses with applied displacements and new module for the manipu-
lation of data coming from the non-linear progressive damage analyses have been
implemented. The PDA module is necessary due to the large amount of infor-
mation coming from PDA analyses and describing the damage status for each ply
within the single element at each cycle. In figure 2 the flow chart, representing the
progressive damage procedure implemented in B2000, is shown.

The Procedure can be summarised as follows. Firstly, geometry, material layout
and properties, boundary conditions and initial loads are defined and read by the in-
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put processor. Then in the progressive damage element, the calculation of stiffness
matrix, forces vector and Cauchy Stresses (transformation from 2™ Piola Kirch-
hoff Stresses to Cauchy Stresses) is performed. At the beginning of a new time
step (cycle) failure check is carried out. If necessary, then, the material properties
are degraded at ply level. The convergence and the iteration number are checked
inside the continuation macro-processor; if convergence is achieved, then the load
is increased and the procedure can be repeated, otherwise, the structure is supposed
to be completely failed.

After the calculations, the non-linear reaction forces module is used to calculate the
reaction forces at each step for analyses with applied displacements. The damage
data-manipulation modules is then used to create data-sets in MEMCOM contain-
ing all the useful output quantities describing the damage status in each ply of each
element at each step. These data-sets, as mentioned above, are structured in such a
way to be readable by the B2000 visual module. The use of this approach makes
possible to monitor the progressive failure of composites in each ply of each ele-
ment during the loading process.

4 Notched Panel by Progressive Damage Approach (PDA): code validation
4.1 Geometry, materials, FEM mesh, boundary conditions and applied loads

For validation purpose of the implemented FEM approach, experimental results of
typical testing campaign on centre-notched tensile specimens, reported by Coats
and Harris (1998), were considered. The geometrical dimensions and the prop-
erties of the laminae used, are presented in Figure 3. The stacking sequence of
the composite notched panel was (F45/0/09/F30/0) > moreover, holding plane
symmetry conditions only a quarter of the panel has been analysed. Two B2000
models have been created: a full 3D model and a 3D-2D model. In the figure 4 a
schematic representation of the two analysed models is presented.

The B2000 FEM models have been divided into four branches, as shown in figure
4. The layered brick elements have been used for the 3-dimensional part of the
models while the orthotropic plate elements have been used for the 2-dimensional
part of the model. For the connection between the 2D and 3D part the embed-
ded global-local method implemented in the B2000 has been adopted. In the first
two branches (branch 1 and branch 2) the progressive failure elements have been
used while in the other two branches (branch 3 and branch 4) the ordinary layered
brick elements have been used in order to optimise the dimension of database files
and the computational time. Two different mesh densities were adopted aiming to
investigate the influence of discretization on the convergence of the results.

The different meshes are shown in figure 5. A single element with 13 layers, whose
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Figure 2: Chart of the progressive damage approach implemented in B2000.
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455 mm

Z3omm Property | AS4/938
Ply longitudinal modulus E, 135.1 GPa
H Ply transverse modulus E, 9.38 GPa
Ply transverse modulus E; 9.38 GPa
In-plane shear modulus G, 4.96 GPa
Out-of-plane shear modulus Gy 4.96 GPa
Out-of-plane shear modulus Gy 4.96 GPa
Poisson’s ratio Viz 0.032
Poisson’s ratio Vi3 0.032
g Poisson’s ratio Vs 0.51
ke Maximum ply tensile stress at 0° O 2280 Mpa
7 Maximum ply tensile stress at 90° Gy 57 Mpa
Maximum out-of-plane ply tensile stress Oy 57 Mpa
Maximum ply compressive stress at 0° o, 1440 Mpa
Maximum ply compressive stress at 90° Oae 228 Mpa
Maximum ply out-of-plane ive stress | o5, 228 Mpa
L Maximum ply in-plane shear stress G0 |71 Mpa
_ m Maximum ply out-of-plane shear stress O3 71 Mpa

Figure 3: notched panel Geometry and material properties.

3D model 3D-2D model

\ T

3 3
\\/
Ll 2
—
Notch tip

Figure 4: Schematic Representation of the two models.

orientation is shown in fig. 6, has been placed along the thickness.

The boundary conditions applied to our models are schematically shown in the
figure 7. As above mentioned, a quarter of the panel has been considered in our
computations due to the symmetry with respect to the two axes of the laminate
plane. The panel has been loaded by means of applied displacements.
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Figure 5: FEM meshes used for the notched panel.
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Figure 6: Stacking sequence in the composite panel.
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Figure 7: Boundary conditions and applied load.

4.2 Numerical Results

The obtained numerical results for the full 3D model of the notched panel have been
evaluated and compared with experimental and numerical data from Coats and Har-
ris (1998) in order to check the effectiveness of the proposed numerical progressive
damage procedure. In figure 8 the comparison between numerical results in terms
of load vs. displacement curves obtained for the two different adopted meshes are
presented. The mesh can influence the first ply failure load, leading to an over-
estimated final failure load, mainly due to the singularity of the stresses near the
notch tip. The experimental value of the final failure load reported in Coats and
Harris (1998) is 165 kN. The overestimation of our numerical model can be due
to the lack of control, on the time step, when the failure is found. Actually, in our
implementations the size of time step is not dependent on the check for failure; this
fact cannot guarantee the correct redistribution of the stresses in the elements after
failure. Furthermore, the lack of PDA elements in branch 3 and branch 4 can also
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influence the quality of results. In figure 9 the Y-displacement distribution on the
deformed shape of the notched panel is shown with an amplification factor of 20.

The numerical results in terms of damage propagation at the 88% of the final failure
load, obtained by the present model, have been compared with the results reported
by Coats and Harris (1998); comparisons are made for all the differently oriented
plies of the notched panel in the figs 11-22, respectively for —45°, +45°, 0°, 90°,+30°
and -30° plies. In order to understand the B2000 outputs, table 2 associates the fail-
ure mode detected in the ply to the numbers shown by baspl++. In figure 10 the nu-
merical results in terms of damage propagation in the different plies of the notched
panel found with the model proposed in Coats and Harris (1998) are presented.

Some interesting observation can be made about the results shown in the previous
figures. Matrix and fibre failures have been found near the notch tip for +45°, -45°
oriented plies; while shear-out and matrix failures have been found near the notch
tip for +30° and —30° oriented plies. 90° oriented plies undergo shear-out failure
mechanism together with a wide region of matrix failure; while, 0° oriented plies
report no failure under the loading conditions assumed for this procedure valida-
tion. From the comparison between figure 10 and figures 11-16, the good agree-
ment between the progression of damage computed by the two different approaches
can be pointed out.

However, by the B2000 model, the extended fibre fracture along the x-axis direc-
tion for the 0°-oriented ply has not been picked up. This is in agreement with the
experimental results shown in Coats and Harris (1998), where the fibre fracture
extension along the x direction was only relative to a reduced portion of fiber dis-
cretization of a length of about 5 mm.

4.3 Numerical Results

In order to test the effectiveness of the proposed progressive damage approach in
global-local analyses, the 3D-2D model of the notched panel, above described,
has been used for calculations. In figure 17 the comparison between 3D-2D model
numerical results in terms of load-displacement curve obtained for the two different
adopted meshes is presented. As previously seen for the full 3D model, the mesh
can influence the first ply failure load, leading to an over-estimated final failure
load. In order to evaluate the approximations introduced using 2D elements, a
comparison between the full 3D model and the 3D-2D model in terms of load-
displacement curves is presented in figure 18.

As it can be noted in figure 18, the use of 2D elements instead of 3D elements in
the branch 3 and branch 4 of the model does not alter the tensile behaviour in terms
of load-displacement curves. In particular, the first ply failure loads and the final
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Comparison load-disp curve - full 3D with different meshes
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Figure 8: Full 3D model - Applied tensile load versus end-shortening: comparison
between two mesh sizes.
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Figure 10: Numerical progression of damage in the plies of the notched panel
presented in [Tessler and Riggs (1994)].

failure loads are almost identical for the two models.

In order to quantify the differences between the full 3D model and the 3D-2D model
in terms of damage progression, in figure 19-24 the numerical results in terms of
damage propagation respectively in the —45, +45, 0, 90,430 and -30 plies of the
notched panel, found with the present 3D-2D model at the 88% of the final failure
load, are presented.

The results shown in the previous figures are almost identical to the ones obtained
with the full 3D model. The small differences for the 90° oriented plies are due
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Figure 17: 3D-2D model - Applied tensile load versus end-shortening: comparison
between two mesh sizes.

essentially to the slight difference in the load levels at the examined steps. From
the point of view of the damage progression small difference in the level of load
can cause relevant variations in the number of “broken” elements, especially for
matrix failure.

5 Conclusions

A three-dimensional progressive damage approach for Finite Element analyses has
been presented. The proposed methodology, based on the Hashin’s failure criteria
and sudden material properties degradation rules, has proved to be able to follow
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Figure 19: Numerical progression of Figure 20: Numerical progression of
damage in the —45° plies of the notched damage in the 45° plies of the notched
panel — 3D-2D model panel — 3D-2D model

the damage progression at ply level in composite structures. Using the experimental
and numerical results of a simple notched composite panel available in literature,
the proposed approach has been validated.

First, non-linear analyses on a complete 3D model have been carried out in order
to evaluate the effectiveness of the implemented methodologies. The influence of
mesh has been briefly investigated. The agreement between the literature experi-
mental/numerical results and the predictions obtained by the present model is very
good. The same-notched panel has been modelled considering 3D and 2D elements
joined by means of an embedded global-local technique. The two different models
have been compared in terms of load-displacement curves and damage progression
for each ply, giving almost identical results.
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Figure 23: Numerical progression of Figure 24: Numerical progression of
damage in the 30° plies of the notched damage in the -30° plies of the notched
panel — 3D-2D model panel — 3D-2D model

However, some modifications could be made in order to better fit the reference
results: control of time step dependent on check for failure in the elements, imple-
mentation of delamination on-set and growth criteria and the control of the degra-
dation factor k according to more realistic and less empiric degradation rules.
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