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Simulation of Three Dimensional Progressive
Damage in Composite Laminates
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Abstract— A three-dimensional, non-linear finite element code
was developed to simulate the progressive damage of composite
laminates in three dimensional space and to analyze the failure
propagation and mode of failure around composite to metal joints.
The code includes large displacement theory, isotropic and
orthotropic material properties and a contact algorithm based on
transformation matrix. A progressive damage model was
implemented to predict the extent and the failure modes of the
internal damage in composite laminates as a function of applied load
and to stimulate the three-dimensional response of composite
laminates from initial loading to final collapse. Hashin failure criteria
was used together with the fiber-matrix shear failure and Yeh
delamination criterion and material properties were degraded
according to the mode of failure.

3D non-linear finite element formulation was tested with a 45°
bend cantilever provided with a concentrated tip load and a solid
sphere with radius R = 1.0 cm compressed diametrically by two
parallel rigid plates was modeled to verify the contact algorithm. The
progressive damage algorithm was verified using a clustered cross-
ply [06/90¢]s laminate with a hole under compressive in-plane load.
The results determined were found to be in good agreement with the
experimental results with a deviation of as low as 2.6 % from the
average.

Pinned joint failure analysis of same cross-ply [0s/90¢]s laminate
was conducted using two different geometries and net-tension,
bearing, shear-out and mixed modes of failure of the joined was
examined according to the progression of the damage.

Keywords— Composite Materials, Finite Element Analysis,
Pinned Joints, Progressive Damage

I. INTRODUCTION

N recent years, fiber reinforced composite materials have

been used extensively in various engineering structural
designs, especially in aerospace and defense industries, due to
their high strength to weight ratio. In these structural
applications, composite laminates are generally connected
either to composites or to metals by mechanical means,
including the joints like pinned or bolted joints. These joints
cause stress concentrations since they form a discontinuity in
the structure. For reliability assurance, stress and failure
analysis of such structures, especially at the locations of stress
concentration, have thus become an important subject of
research.
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Out-of-plane loads play an essential role in the failure
analysis making it desirable to conduct a three-dimensional
analysis for failure prediction of such joints.

Mode of failure and failure propagation is another area of
interest, since it may be useful in the improvement of the
design, including the material and the structural design.

The aim of this study is to develop a three-dimensional
failure analysis methodology for the analysis of composite
laminates and to extend it further composite to metal joints.
For this purpose, finite element method was used. A three-
dimensional finite element code was developed including
linear isotropic and linear orthotropic material properties,
linear and geometrically non-linear stress analysis, contact
stress analysis, failure criteria, which can predict the mode of
failure, and property degradation rules.

It is expected to find the first ply and catastrophic failure
loads of composite laminates at critical parts like
discontinuities and joints. The failure modes and the
propagation of the damage will also be observed that can be
useful during the improvement of a design.

II. IMPLEMENTATION AND VERIFICATION OF 3D PROGRESSIVE
DAMAGE CODE

A. 3D Non-Linear Finite Element Formulation

Three dimensional, 8-noded, isoparametric solid elements
[1,2] were used during the implementation of the finite
element program. The formulation was based on total
Lagrangian method [3] so that large rotations and finite strains
can be utilized. Full tangential stiffness matrix for total
Lagrangian formulation can be written as;

K=Ky +Ky :J.(BII (p)CtBnl (p)+ GTéG)dVo
where

K, : linear part of tangential elemental stiffness matrix
K., : geometrical or initial stress contribution to the tangent
elemental stiffness matrix

: non-linear strain-displacement transformation matrix

¢ - material stiffness matrix

: second Piolla-Kirchhoff stresses

: matrix relating vector of nodal displacements to
displacement derivative tensor.

OV O



INTERNATIONAL JOURNAL OF MECHANICS

Full tangential stiffness matrix of the above equation was
calculated by using Gaussian integration technique with full
Newton—Raphson iterations [2,4]. Imposing the boundary
conditions and solving for displacements, Green strain tensor
can be determined which is the conjugate with the second
Piolla-Kirchhoff stress tensor from which Cauchy stresses can
be calculated.

The formulation was tested with a 45° bend cantilever
provided with a concentrated load as introduced by Bathe [5],
who used 16-node solid elements, by Slavkovic [6], who used
enhanced three-dimensional elements and by Klinkel [7], who
used three-dimensional brick elements with enhanced
assumed strains. The bend has a radius of 2540 mm (100 in)
and a cross-section of 25.4 mm x 25.4 mm (1.0 in x 1.0 in).

S wocomaeoewo __________________________________ FuF

Inc [
Sub 1
Time : 0.000e+000
Freq : 0.000e+000
4.858e+001
4.373e+001
3.887e+001
3.407e+001
2.916e+001
2.4292+001
1.843e+001
1.458e+001
A.717e+000

4.858e+000

0.000e-+000

Post-prosessing of model bathe5

Displacement 2 1

Fig. 1. Displacements in z-direction at F = 2670 N of 3D large
deflection isotropic analysis of a 45° circular bend.
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To check for convergence, the cantilever was analyzed
using 15, 30, 60, 90 and 160 elements along the beam and a
single element for the cross-section. One end of the model
was fixed in all directions and 2670 N (600 Ib) force was
applied incrementally in z-direction in 6 increments. The
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initial and final deformed geometry for 160 elements can be
seen in Fig.1 with a maximum deformation of 1234 mm
(48.58 in) at the tip. The comparison of results can be seen in
Fig.2 and said to be in good agreement with the analysis of
Bathe [5].

B. Isotropic and Orthotropic Material Properties

Material stiffness matrix for an isotropic material can be
given as [8,9];

[1-v v v 0 0 0

v 1-v v 0 0 0

v v 1-v 0 0 0

- E 0 0 0 1’22" o o
1+v)(1-2 _

=25 5 o % 0

00 0 0 0 1_22"

where E is the Young’s modulus and v is the Poisson’s ratio.
Material stiffness matrix for an orthotropic material can also
be given as;

cC,C,C, 0 0 O
c,C,C, 0 0 O
(c]=|Ce Ca Ca 0 0 O
0 0 0C, 0 O
00 0 0C_, O
0 0 0 0 C,,
where
_ 1- VasVa _ 1- VisVa _ 1- ViV
" EEA Y EEA ¥ EEA
C. = Vo 7 VaVos _ Vip T VaVis
12
E,E,A E,E,A
C. = Va T VoV _ Vis T ViVas
13
E,E.A E,E,A
_ Vi T VioVa _ Vo T ViVis
23
E,E,A EE,A
Cu= st, Css = G31, Ces =G,
A= 1- VioVar = VosVa = VailVis — 2V21V32V13
E1E2 E3

E;: Young’s modulus in i directions.

vjj: Poisson’s ratio for transverse strain in the j-direction
when stress is in the i-direction.

Gj; : Shear modulus in i-j plane.

C. Considerations in 3D Contact Analysis

A contact search algorithm to find the nodes coming into
contact and a contact analysis to simulate the contact of pin
and laminate were implemented to the computer code. In
general, in three-dimensional contact problems, contact bodies
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are denoted as contactor and target. The target surface can be
discretized into several piecewise smooth triangular surfaces.
Node E is the typical contact node of contactor and the
triangle surface 1-2-3 is the typical target surface as shown in
Fig.3. From the contact conditions, the nodes on the contactor
should not penetrate the target surface and no tensile nodal
forces exist on those nodes.

The displacement of node E on the surface of contactor,
{49e_.}, can be treated as the combination of gap
displacement, {4ge_g}, sticking displacement, {A4Qe_s},
relative sliding displacement, {40_.}.

CONTACTOR

DEFORMED
Fig.3. Kinematic conditions of contact surface

The point F is the initial contact point on the target surface.
If the relative sliding displacement {4q:_.} is a zero vector,
node E is a sticking node. Otherwise, node E is a sliding node.

For each non-contacting node of contactor, in general, there
are three displacement components to be determined. If a node
is known to be in sticking contact since the gap vector is
known, its displacement can be determined by the deformation
of the target surface and no independent unknowns exist. If a
node is found to be in sliding contact, only the parameters Aqs;
and 4qs,, are left as the independent unknowns. The
parameters 4qs; and 4qs, represent the magnitude of relative
sliding displacements along { t; } and { t; } which are
arbitrarily chosen two perpendicular unit tangential vectors on
the triangular surface. Thus, the number of independent
unknowns for each node of contactor can be 0, 2 or 3,
depending on its contact condition. For detailed formulation
of the contact algorithm it can be referred to [10].

For contact search, it is assumed that, if a node is in the
contact control volume below the target segments surface of
certain height the node comes in contact with the element.

For the verification of contact algorithm, a solid sphere with
radius R = 1.0 cm compressed diametrically by two parallel
rigid plate was examined as discussed by Chen and Yeh [10].
Due to symmetry, only one-eighth of the sphere was modeled.
An incremental downwards displacement was given from the
upper edge of the model. The Young modulus and Poisson’s
ratio of the sphere were taken to be 1000 N/cm? and 0.3,
respectively. The contact surface was considered to be
frictionless.
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Distribution of normal stress can be seen in Fig.4 with a
maximum stress of 165 N/cm?. In Fig.5, distribution of normal
contact tractions along x-axis is shown. There is a numerical
oscillation at the initial contact point (x = 0) due to mesh size
and caused an error in contact traction diminishing towards
the end of the contact area.
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Fig.5. Distribution of Normal Contact Tractions Along x-axis

D. Failure Theory

Hashin [11] type failure criterion is ideal for use in finite
element models, especially when adapted to progressive
damage models since it has distinct polynomials
corresponding to different failure modes. It combines the
advantage of accuracy found in the polynomial criteria and the
ability to distinguish failure mode. It has been found wide
application in different studies. [12,13] Hashin failure
criterion is summarized below.
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Tensile Fiber Failure Mode

S
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In addition to Hashin failure criterion, fiber-matrix
shearing failure and Yeh delamination criterion can also be
used during the failure analysis and can be given as

Fiber-Matrix Shearing Failure [14]

2 2
o
+ (i] =1for oy, <0

Ta

Oy

Op

Yeh Delamination Criterion [15]

2 2 2

o o o

o | 4| o] 1] 22 “1for oy >0
(op T Tr
or

2 2

o o

£ +[ij =1 for 0, <0

Ta 77
where;

o ;; : Components of stress tensor,

o :Tensile failure stress in fiber direction,

o, :Compressive failure stress in fiber direction (absolute
value),

o ‘Tensile failure stress transverse to fiber direction,

o7 :Compressive failure stress transverse to fiber direction

(absolute value),
7 - Shear stress corresponding to transverse failure,

7, Shear stress corresponding to axial failure.
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E. Progressive Damage and Degradation Rules

In the progressive damage analysis, the load is applied
incrementally and the stress-strain  distributions are
determined in each increment [16]. Every element is checked
for failure. If there is no failure the next load step is
performed. In case of failure, the material properties of that
element are degraded. Stresses are then redistributed at the
same load and re-examined for any additional failure.
Convergence at a load step without additional failure allows
the next load step to be performed and the procedure
continues until a point where excessive damage is reached
(catastrophic failure). A general algorithm for progressive
damage analysis is shown in Fig.6.

The material properties of failed elements must be degraded
according to the mode of failure. Different degradation
coefficients can be observed in different studies and failure
modes ranging between 0 to 0.4 [12,13,17].
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Fig.6. Algorithm for progressive damage analysis.

In this study, in tensile and compressive fiber failure modes
it will be assumed that the material looses all its properties,
therefore, the elements of the orthotropic material properties
matrix becomes all zero:

[C]-

OO OoOoOo
OO oOoOo
O OO oo
[oNeNolNolNo]
O OO oo

OO OO oOoOo

0 0 0 0 O

However, in order to avoid numerical problems, the matrix
will not be equated to zero but to a very small number.
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If the matrix fails due to tensile or compressive loading, the
material looses its transverse properties and Poisson’s effect.
The material properties degrade as follows.

EE000 0 O
0000 0 O
(]| 0000 0 0
000G, 0 O
0000 G, 0
0000 0 G,

If the failure mode is fiber-matrix shearing mode, then the
material looses its shear properties and the Poisson’s effect.
The material properties degrade as follows.

E, 0 0000
0E 0000
0 CE 00O
[Cl=10 0 Gdooo0
000000
00 0000]

If delamination causes the failure, then the material looses
its properties in the thickness direction, Poisson’s effect and
will not be able to carry shear loads. The material properties
degrade as follows.

[€]>

ocococooln
cocoollo
coocooo
coococoo
coocooo
coococoo

F. Pre- and Post-Processing

Marc / Designer Demo Version [18] is used for pre- and
post-processing. That is, the input file is prepared and the
output file is interpreted using Marc / Designer Demo
Version.

I1l. PROGRESSIVE DAMAGE ANALYSIS

50.8 x 50.8 mm laminate of ply lay-up [0¢/90¢]s with a 12.7
mm hole at the center was used to test the progressive damage
analysis as described by Chang and Lessard [14,19]. The total
thickness of the laminate was given to be 3.429 mm and the
material properties used in the analysis can be seen in Table 1.
Because of symmetry, 1/8th of the problem was modeled as
shown in Fig.7. Symmetry boundary conditions were applied
to the symmetry planes, that is, they were fixed in the
direction of their normal vectors. Two layers of solid elements
were used, one for Os and one for 904 ply lay-ups. The analysis
was conducted using Hashin failure criterion with the addition
of fiber-matrix shearing failure and Yeh delamination
criterion. An incremental distributed compressive load was
applied from the upper edge and the progression of the
damage was observed.

The analysis was conducted using three different meshes.
Element and node numbers, the resulting first ply and
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catastrophic failure loads of these meshes are listed in Table 2.

The course mesh of model 1 resulted with a very high
catastrophic  failure load when compared with the
experimental data ranging between 53.16 kN and 80.10 kN
with an average of 66.60 kN [19]. However, model 2 and 3
are in excellent agreement with the above experimental
results. The deviations of catastrophic failure loads of model 2
and 3 from the average of experimental values are 6.9 % and
2.6 %, respectively. Further more, the damaged zone seems to
be similar to the x-radiographs of Chang and Lessard [19].
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Fig.7. FE model of [04/906]s Laminate with a Hole

Table 1. Material Properties of [0¢/90¢] s Laminate

Property Sym Value Uni
. t

Longitudinal Modulus E; 156.4 GPa
Transverse Modulus E, 12.9 GPa
Out of Plane Modulus E; 12.9 GPa
Shear Modulus Gy 7.0 GPa
Out of Plane Shear Mod. Gy 35 GPa
Out of Plane Shear Mod. Gis 7.0 GPa
Poisson’s Ratio V1o 0.23 -

Poisson’s Ratio Vo3 0.49 -

Poisson’s Ratio Vi3 0.23 -

Longitudinal Tension O.:\ 1515 MPa
Longitudinal Compression o 1592 MPa
Transverse Tension O.T+ 445 MPa
Transverse Compression o 252.9 MPa
Longitudinal Shear T 106.8 MPa
Transverse Shear T, 106.8 MPa
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Table 2. Results of Progressive Damage Analysis

Mode | No.of | No.of | FPF Catastrophic | Error
| Elem. | Nodes | (kN) Failure (kN) (%)
1 90 183 64.08 145.25 118.0
2 250 453 35.60 71.20 6.9
3 486 819 25.81 68.35 2.6

In all of the analyses, the first ply failure occurred in the 90g
layer at the boundary of the hole and the failure propagated
mainly in the direction of loading. The progression of the
damage of model 2 can be seen in Fig.8 for Og layer, together
with the magnitude of the applied compressive load and
combined failure index in which the highest of the failure
indices were recorded. Failure index increases from light gray
to black and the failure area is shown with white color. As it
can be seen in Fig.8(e), Fig.8(f) and Fig.8(g), the failure
propagated suddenly at the same load level. This result is
obtained by redistributing the stresses after failure of elements
without increasing the applied load. In Fig.8(h), the
catastrophic failure of the laminate can be seen where the
failed zone reached from hole to the loading edge in both
layers.

IV. PINNED JOINT FAILURE

12.7 x 38.1mm and 12.7 x 50.8 mm laminates of ply lay-up
[06/906]s with a total thickness of 3.429 mm were used to
conduct pin joint failure analysis. The material properties of
the laminate can be seen in Table 1. A rigid pin of diameter
12.7 mm was located inside the hole with the same diameter
where its center was located at 12.7 mm and 25.4 mm from
the free end for the first and second laminates, respectively.
The contact surface was assumed to be frictionless. Because
of symmetry, one-fourth of the problem was modeled as
shown in Fig.9. Symmetry boundary conditions were applied
to the symmetry planes. Two layers of solid elements were
used in the solution, one for 05 and one for 905 ply lay-ups.
The analysis was conducted using Hashin failure criterion
with the addition of fiber-matrix shearing failure and Yeh
delamination criterion. An incremental distributed tensile load
was applied from the lower edge and the progression of the
damage was observed.

The progression of the damage of model 1 and 2, in 905 and
0s layers, can be seen in Fig.10 and Fig.11, together with the
magnitude of the applied tensile load and combined failure
index in which the highest of the failure indices are recorded.
Failure index increases from light gray to black and the failed
area is shown with white color. Deformations are magnified
five times.

The failure mechanism of a pinned joint may include net-
tension, bearing, or shear-out failure modes. It can be seen
easily from Fig.10(a) that the damage in 904 layer of model 1
initiated from the upper part of the pin and propagated in the
loading direction towards the upper edge (Fig.10(b),
Fig.10(c)) showing the general appearance of shear-out failure
mode of pinned joints.
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However, as it can be seen in Fig.11, the failure mechanism
of 0s layer of model 1 does not look like any of the failure
mechanisms listed above but rather a combination of those
which can be called as mixed mode failure.

The damage in 90¢ layer of model 2 initiated and developed
at the upper part of the pin joint (Fig.12(a) ) and propagated
around the hole boundary (Fig.12(b), Fig.12(c) ). The failure
can be said to be in bearing failure mode. The damage of 04
layer initiated from the sides of the joint (Fig.13(a) ) and
propagated mainly towards sides (Fig.13(b), Fig.13(c) ). The
damage also propagated in the loading direction but did not
reach the edges and therefore the failure mechanism can be
said to be net-tension mode.

In both models damage was dominated by matrix tensile
and matrix compressive failure mode. The distribution of
these failure indices and damaged zones can be seen in Fig.14
and Fig.15. It can be seen that compressive matrix failure
dominated at the upper part of the pin where compressive
contact stresses are present.

V. CONCLUSION

An improvement from 25-30 % error of two-dimensional
analysis of Chang and Lessard [19] to as low as 2.6 % error
was obtained in the progressive damage analysis of composite
laminates by conducting the progressive damage analysis of
composite laminates in three dimensions, including large
displacement theory, Hashin failure criterion in combination
with fiber-matrix shear failure and Yeh delamination criterion
and appropriate property degradation rules. Thus, it became
possible not only to determine the stress distribution in three
dimensions and include the out-of-plane effects in to the
analysis but also to fail every element one by one in different
layers and even apply suitable degradation rules for different
failure modes.

By adding a contact algorithm to the analysis methodology
a progressive damage analysis for pinned joints was
conducted, where a contact zone exist between the nodes of
pin and laminate. The analysis was conducted to observe the
mode of failure of pinned joints. Expected modes of failure
including net-tension, bearing, shear-out and mixed modes of
failure.
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Fig.8. Progression of damage for Og layer of [0s/90s]s Laminate with a Hole
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. (d) Comp._Matrix (Oﬁ_layer)
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Fig.15. Failure Index Distribution of Model 2 of Pinned
Joint Analysis (14.24 kN)
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