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Abstract

A good fatigue performance is essential for composite components of highly loaded aircraft structures.
In addition, reliable sizing methods are needed for reasons of certification. In this paper a combined
experimental and numerical approach is presented to characterise and predict the fatigue behaviour of
composite laminates. A numerical method has been developed by means of user-defined material
model (UMAT) for the implicit solver Abaqus/Standard. The method takes into account fatigue
stiffness and strength degradation and is able to predict failure by Puck’s 3D failure theory. It has been
calibrated and validated by three point bending tests on coupon level. Finally the modelling method
has been applied successfully to predict the failure mode and number of load cycles to failure of a
bearing laminate.

1. Introduction

Load introductions, e.g. bearing laminates and composite lugs, are essential for further applications of
composite components in aircraft structures. Beside a robust failure mode and a good performance
regarding static strength, fatigue behaviour and its reliable prediction are crucial for applications in
highly loaded aircraft structures. An efficient application of composite joints implies a good
understanding of the complex failure behaviour. This is affected by various parameters ranging from
geometrical configuration to detailed material behaviour. Nowadays the sizing of composite lugs
under fatigue loading conditions is mainly based on extensive test studies. Some analytical sizing tools
are available, but due to their limited ability to predict complex stress states as they are present in the
vicinity of the hole, high safety factors have to be applied. More accurate and reliable sizing methods
are needed to make the design process more efficient and therefore to promote the application of
composite lugs in aircraft structures.

In this paper a combined experimental and numerical approach is presented. A test campaign
following the building block approach is briefly described. Corresponding to fatigue testing the failure
behaviour of a composite (i.e. laminated bolted joint) lug has been predicted by numerical analyses. A
user-defined material model has been developed to allow for a fatigue analysis with the commercial
implicit FE code Abaqus/Standard. The developed material model can be applied for fatigue
evaluation of unidirectional layers of fibre-reinforced composites. The fatigue strength degradation of
the material is based on experimentally derived SN curves. The evaluation of the failure indices is
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based on the action plane based failure theory by Puck. Furthermore pre-failure and post-failure
stiffness degradation is implemented to account for progressive failure.

2. Test program

The building block approach, represented by the test pyramid shown in Fig. 1, is traditionally used
during the certification process of composite structural elements in aerospace industry. On the first
level of the test pyramid coupon tests are carried out to build up knowledge about the basic material
behaviour. Due to the low testing effort on coupon level, variations can easily be integrated into the
certification process and a high number of test samples can be tested. The effect of global design
requirements, like e.g. fatigue loading, environmental conditions or the sensitivity to notches on the
failure behaviour can be evaluated based on standard material tests. Subsequently the test samples and
set up are refined towards the full scale test of the final component.

NON-GENERIC SPECIMENS
A

g ‘FOICE ‘FOICE
s
: / i)
% $ ’ _4+—Punch
4 w0
,'K | Support
£ L e | Lt
" ‘% EE: F/}%'? »?F "\9&3_‘}5
§‘ 7 k' H A = \ ,/! Test spec'|me|1 G 1
§ Il [ B m \\ ==t Delamination — (T 7T T T T TG TTE TG TET Ol
/ \ | |
] \ H w75
!-%__E___[EHE_[EI_}___‘L b S Support by J
Fig. 1. Test pyramid. Fig. 2. Test setup and geometry of the GFC shear specimens (“three

point short bending test”) on the left side and of the GFC bending
specimens (“three point long bending test”) on the right side [1].

The building block approach is more and more supported by finite element analyses, especially if tests
on sub-component and component level are considered. One the one hand, the numerical analyses are
applied to design the test by means of the desired stress state. On the other hand, they are used to
predict the results of the test regarding failure loads and failure mode.

The quality of the prediction of the failure behaviour by finite element analyses strongly depends on
the quality of the material data used for the finite element simulation. In general the material
parameters are directly determined by coupon tests. In the case of the numerical evaluation of the
fatigue performance, a characterization of the material under fatigue loads is required. For the
presented modelling approach the fatigue test results of the “three point short bending specimen” tests
and of the “three point long bending specimen” tests were used. Typical test set ups are shown in Fig.
2.

The short bending specimens are used to determine the interlaminar shear strength T, 5. The test set up
is well adapted to static testing, but especially for testing under fatigue loading. Fatigue tests at
different load levels as well as at different mean to amplitude ratios (R-Ratio = min. load/max. load)
have been carried out. Exemplarily one SN curve of the interlaminar shear strength T, s of E-Glass
Fibre Composite (GFC) at R=0.11 is shown in on the left side of Fig. 3. Following the same logic SN
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curves for the long bending test for the stress at fibre failure could be created. One SN curve of GFC at
R=0.2 is shown in on the right side of Fig. 3.

z I
2 I & l "" R
s
£ 2
» b
5] =
i |
= o
= . & 3
= ° g 2
5 | | 0% = l AT
g = .
’ : | I
5 | | :
= S/N curve | == S/N curve I l
# test specimens l # test specimens
1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07 1.0E+08 LOE+00 1.OE+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07 1.0E+08
load cycles to failure (log(N)) load cycles to failure (log(N))

Fig. 3. SN curve of E-Glass Fibre Composite (GFC) shear specimens at stress ratio of R=0.11 (left)
and bending specimens at stress ratio R= 0.2 (right) [4].

For the application of the simulation of the fatigue performance of a composite component, the sub-
component test results of composite lugs have been chosen. The composite lug is already close in
dimension to the real component. The different failure modes and some exemplary test results which
are generated by testing composite lugs are shown in Fig. 4. The typical failure mode of composite
plates is bearing failure, due to the high edge distances available. For composite lugs the edge
distances are usually restricted. Therefore shear-out and net section failures are more common. The
composite lug chosen for the finite element simulation failed in shear out. This is a typical failure
mode which occurs at small edge distance in load direction or if the plate consists of a high percentage
of unidirectional layers. Net section failure however is found when the load of the remaining cross
section is too high. Often a clear distinction between different failure modes is not possible, as can be
seen at the bottom right of Fig. 4.

Shear-out failure

Fig. 4. Failure modes of bolted joints in composite plates [5].

3. Numerical modelling approach

The aim of this work is to provide a sizing tool for bearing laminates exposed to fatigue loading, that
is compatible with a commercial FE code. It has been decided to use the implicit solver
Abaqus/Standard and extend its capabilities to fatigue analyses by a user-defined material model
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(UMAT). In this manner the local maximum stress during fatigue loading can be determined at every
integration point of the material. By the application of a failure criterion the stress exposure is
evaluated and a prediction of the number of load cycles to failure is made. In contrast to analytical
sizing tools, an estimation of the fatigue life for all possible failure modes of bolted joints in composite
plates (see Fig. 4) can be done by a single FE model. The flow chart of the UMAT used for the fatigue
analyses is given in Fig. 5. The routine follows the fatigue damage model for fibre-reinforced
composites developed by Kennedy [3]. It includes the determination of SN curves for arbitrary stress
ratios R (R = min. load/max. load), fatigue-induced strength and stiffness degradation as well as the
evaluation of Puck’s 3D failure criteria. In [3] this method has already been validated for quasi-
isotropic glass fibre epoxy laminates under uniaxial fatigue loading. In the present work the same
approach is applied to predict the fatigue life of lugs manufactured from GFRP, which are exposed to
complex three-dimensional stress states in the vicinity of the hole.
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SN curves, R, n and SDV from Abaqus - Old stress state
- Failure indices

\l/ - Damage parameters

UMAT | Determine SN curves for R |

At
reduced?

Increase An Decrease An

Calculate STRESS

! nter=
Flb

failure

6 et . . Post-failure
Rapid stiffness Pre-failure stiffness X
. X stiffness
degradation degradation N
degradation

| Regularization of damage variables, update of stiffness matrix and stresses |

Convergence No

of stresses

Substepping, reduce Ae

Strength degradation for
next increment

Return jacobian,
STRESS and SDV to
Abaqus

Fig. 5. Flow chart of UMAT for fatigue analyses.

Since coupon test data is typically only available for a limited number of stress ratios, an automated
generation of SN curves of arbitrary stress ratio by the use of a Constant Life Diagram (CLD) has been
integrated into the material routine. Due to its efficiency, especially when SN curves are available for
more than three different stress ratios [4], a piecewise linear CLD following the approach given in [5]
is applied (see Fig. 6).
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Fig. 6. Determination of SN curve of arbitrary stress ratio by a piecewise CLD approach.

Puck’s 3D failure theory, as it was applied during World-Wide Failure Exercise Il [6], is used to
determine the stress exposures for fibre failure fz e and inter-fibre failure fg er. Failure is predicted if
ferr = 1 or fe e = 1, respectively. Fibre failure is predicted by the maximum stress criterion (Eg. 1)
where the static strength parameters R in fibre direction are replaced by the residual strengths R (n)
after n load cycles, which are incrementally degraded by (Eq. 2) from [7]. By this approach an
accumulation of strength degradations from m blocks of fatigue loading under different stress ratios

and maximum stresses is considered; where o}y is the maximum stress and An the number of load

cycles during loading block i. The number of load cycles to failure N; (Gimax) is directly derived from
the corresponding SN curve.

f =
E,FF R, (1) 1)
RN =Rys - r%(Ru 5 ~Ohax) Anii )
Toist Nt (O1ax )

For the prediction of inter-fibre failure the action plane related failure criteria by Puck are applied (Eq.
3 and Eq. 4). The evaluation of these failure criteria requires an iterative procedure to determine the
action plane A of an angle 6, where inter-fibre failure is most likely to occur. The three-dimensional
stress tensor of the unidirectional lamina is translated into the fracture plane coordinate system (1,n,t)
using tensor transformation. The stress exposure is determined based on the degraded fatigue

resistances to shear stresses (Rf” and Rf ) and to the tensile normal stress (Rf)) transverse to the

fracture plane, following equation (Eq. 5). pi(j+’_) are so-called inclination parameters which describe
the shape of the failure envelope. Values between 0.2 and 0.3 are recommended for these parameters

3.
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In addition to the SN curve based strength degradation a stiffness degradation procedure is applied to
account for progressive failure of the laminate during the fatigue analyses by means of stress
redistribution. Prior to failure the stiffness degradation is following the nonlinear approach taken from
[8] as shown in equation (Eg. 6); where C;(n) is the residual stiffness and C;y is the initial value of the
stiffness. a and (3 are empirical parameters (see Table 1), which were fitted to stiffness measurements
coming from fatigue tests of unidirectional glass fibre/epoxy laminates in [8]. After inter-fibre failure
(IFF) has been predicted by Puck’s IFF criteria, the matrix-governed stiffness parameters are further
degraded by the post-IFF stiffness degradation approach from [3] given in equation (Eq. 7). In this
equation Ci(IFF) is the value of the specific stiffness at inter-fibre failure, while 7., c. and &, are
empirical parameters which control the shape of the degradation curve and are taken from [9]. If the
criterion for fibre failure is met, all stiffness parameters are abruptly reduced to a minimum value of
5% of their initial level. In any case, the evolution of the stiffness parameters is controlled by the
viscous regularisation approach by Duvaut-Lions [10] to promote convergence of the implicit stress

analyses.
n \Pi
Ci(n)=Cjpo|1-(1- O‘i)(ﬁ) (6)
Ci=C(IFF)| — 0, 0
L+ci(fgpr -7
Table 1. Stiffness degradation parameters.
Pre-failure [8] Post-IFF [9]
Ci a; ﬁi Nri Cri Eri
1) 1) 1) 1) 1)
Eu 0,852 0,419 - - -
Ez, Ess, Gos 0,755 3,167 0,03 5,30 1,30
G12, Gu3 0,684 1,654 0,25 0,70 1,50
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4. Numerical analysis results

As a first step to validate the developed numerical modelling approach, FE models of the two coupon
tests presented in chapter 2 have been generated. The composite specimen has been modelled by 8-
noded continuum elements (element type C3D8). The section properties have been defined by the
Composite Layup option in Abaqus with two layers per element row. Supports and punches of the
bending test rigs have been modelled as deformable bodies with the linear elastic materials properties
of steel (E = 210 GPa, v = 0,3). Contact with a coefficient of friction of 0,2 has been defined between
the specimen and the supports. Force controlled loading has been applied to load the specimen up to
the desired maximum stresses. A stress ratio of 0,14 and a maximum number of 10® load cycles, which
should ensure the presence of failure, have been defined as manual user inputs. A comparison between
SN curves derived from coupon tests and numerical failure predictions for specific maximum stresses
is given in Fig. 7 for the three point short bending test. The numerical failure predictions perfectly
match the SN curve derived from the test data. The location of failure in the symmetry plane of the
laminate due to interlaminar shear stress is also predicted very well. Therefore the numerical
modelling approach could be validated on coupon level.
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Fig. 7. Numerical failure predictions of the three-point short bending tests.

Finally, the presented modelling approach has been applied to predict the failure of a GFRP lug
exposed to uniaxial fatigue loading in direction x (see Fig. 8). The model size has been reduced by
making use of symmetry conditions. All element types, material models and contact properties have
been adapted from the FE models of the coupon tests. The detailed layup of the GFRP lug, which is
composed of unidirectional layers oriented in 0°, 90°, -45° and 45°, has again been defined by the
Composite Layup option. A fine mesh with a number of 40 elements along the edge of the half hole in
peripheral direction as well as in radial direction between the hole and the free edges of the lug has
been chosen, to give an accurate representation of the stress state in the vicinity of the hole, where
failure is supposed to occur. The force-controlled loading has been applied at the end surface of the
bolt, which corresponds to the load application during the test. The progressive failure analysis has
carried out for a stress ratio of 0,14 and up to a number of 10° load cycles.
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Fig. 8. Test setup [2] and FE model of GFRP lug.

In the test the GFRP failed at approximately 484.000 load cycles. The observed failure mode was
shear-out failure (see Fig. 9). The main resistance to this type of failure is given by the -45°- and +45°
layers within the shear stressed section of the lug. The numerical failure analyses predict the same
failure mode. Due to the considered bending deformation of the bolt the first fibre failure is predicted
in the outer -45° and +45° layers at a number of 406.000 load cycles. Due to the brittle nature of fibre
failure, it is already considered as total failure of the lug. At this number of load cycles inter-fibre
failure has already spread widely throughout all layers of the laminate. The numerical fatigue analysis
has been able to predict the correct failure mode of the GFRP lug. If the scatter of the number of load
cycles to failure at a constant stress level in the coupon tests (see Fig. 3) is considered, the
conservative prediction of the fatigue life is also in good agreement with the lug test.

No fibre failure
Fibre failure

Fig. 9. Failed GFRP lug after test (left) and predicted failure from FE analyses at N = 406.000.

5. Conclusions

In this paper a numerical modelling approach to predict the progressive failure in composite laminates
under fatigue loading has been presented. Based on the damage model published by Kennedy [3] the
modelling approach includes a failure prediction by Puck’s 3D failure theory in combination with
fatigue-degraded strength parameters. In addition, the model accounts for pre- and post-failure
degradation of all three-dimensional stiffness parameters. The modelling approach was validated by
three point bending tests on short (interlaminar shear failure) and long beams (fibre failure) on coupon
level. Finally the modelling approach has been applied to predict the failure of a GFRP lug on sub-
component level. The predictions of the failure mode as well as of the number of load cycles are in
good agreement with the test results. In ongoing research activities the modelling approach is being
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applied to composite lugs with different layups and geometries to check the robustness of the
modelling approach and its capability to predict different failure modes.
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