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Abstract

This paper aims to provide the building blocks fatigue simulations on glass-fibre
reinforced polymer (GRFP) coupons. To this end sBbulations of Multiple-Fibre (MF) unit
cells consisting of 7 or 45 fibres are used, inahgdthe prediction of fibre failure. These
simulations are part of a multi-scale simulationpapach. The MF unit cells are used to
represent the elements of a geometrically largeitdi element model (so called Meso-
Structure model or MS model). It is shown thatfétgue lives of the MS models with similar
geometrical size but different meshing size are pawable, while the normalized axial
Young’s modulus degradation curves are different.

1 Introduction

Micro-mechanical models are tools in the fatigu@dwour characterization of glass fibre
reinforced polymer (GFRP) composites. These maseaiee frequently used in modern wind
turbine rotor blades, which are subjected to sefatrgue loading. Various approaches to the
micro-mechanical modelling of tension fatigue bebar of GFRP composites are possible,
depending on the assumptions used to reduce th@asit@ structural complexity and to
describe the material characteristics. In this wtued multi-scale modelling methodology is
developed for the numerical fatigue characterimatad unidirectional GFRP dog-bone
specimens. The hierarchical structure of the ampr@ansists of 3 stages, as shown in Figure
1. Firstly it is assumed that, in the first stagefatigue life, fibore breakages originate
independently in random locations [1]. The inibatiof these initial microscopic failures is
modelled in Multiple-Fibre (MF) unit cells usingeiiMonte-Carlo method. In the next stage,
with these initial failures, FE simulations are dige characterize the stress distribution of
neighbouring fibres. The fatigue simulations of ME unit cells are used to predict unit cell
fatigue lives and the stiffness degradation. In fimal stage, fatigue behaviour of the
composite coupons are predicted based on the MFE ceells simulation results by
geometrically up-scaling in another two steps, @ra Meso-Structure (MS) model fatigue
simulations and Coupon Size (CS) fatigue simulation

In this paper, fatigue simulations on the 7-fibnel @5-fibre unit cells are performed first. The
simulation results are used as input parameterdatogyue simulations of two sets of MS
models with similar size. Then a comparison betwibenfatigue simulation results of these
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two sets of MS models are done. The purpose isdk for the unit cells with a suitable size
that can be used in the MS models.

| Composite constituent|
properties

J ——> [ MF unit cell modelling |

| MF Unit cell fatigue |
simulations

§ ———> [1™ geometrically up-scaling]

| MS model fatigue |
simulations

J ———> [2™ geometrically up-scaling]
| CS model fatigue | -
simulations

Figure 1. Flow chart of the micro-mechanical fatigue modhglof a UD composite coupon
2 Multiple-Fibreunit cell models

The MF unit cell model is created using a FORTRAKbgnamme “Meso3DFibrer”
developed by Mishnaevsky Jr and Brgndsted [1].b#efivolume fraction of 50% was used.
Two types of MF unit cells consisting of 7 and 4brés are generated by using the finite
element software MSC.MARC, and called 7-fibre weill and 45-fibre unit cell respectively.
The dimensions of 7-fibre and 45-fibre unit celte ahown in Table 1, in which the length,
width and thickness are measured along the x &kig (orientation), y axis, and z axis.

7-fibreunit cdl 45-fibreunit cdl

Length pum] 400 400
Width [um] 57 145
Thickness fim] 57 145

Table 1. Dimensions of MF unit cells

Fibres in a unit cell have a constant diameter7® um. Both fibres and matrix are meshed
by three-dimensional 20-node brick elements (eléemgpe 21 in MSC.MARC), which
provide a good trade-off between computationalcefficy and accuracy of the strain field
calculations [3]. In order to allow distributed d¢tare locations along fibre axial length, each
fibre is evenly divided into 20 segments with themg Young’'s modulus but Weibull
distributed tensile failure strains. The overakwiof both unit cell models is illustrated in
Figure 2. In both unit cell models, fibres are piosied symmetrically in a square matrix box,
in a near hexagonal array with a constant distémore the outmost boundary of surrounding
fibres to the corresponding matrix border.

Xa Sy Xa” ay

Figure 2.The overall view of 7-fibre unit cell (left) ad 4thre unit cell (right)



ECCM15 - 15™ EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Venice, Italy, 24-28 June 2012

For simplicity’s sake, the failure evolution in Mit cell fatigue simulations is assumed only
to occur by the accumulation of fibre breakages amsulting matrix failure. Fatigue
propagation of matrix cracks or interface faillsendt taken into account. Furthermore, fibres
are assumed to fail by either tension or fatigua)evmatrix is assumed to fail only due to the
breakage of epoxy chemical bonds, rather thandatdgamage. The maximum strain criterion
Is used to determine the failures of fibre segmamnid matrix elements. The matrix failure
strain is a theoretical maximum failure strain @0%vhich is much higher than the
macroscopic failure strain measured experimenfd]ly

Fibre Matrix
Young’'s modulus [MPa] 73000 3640
Poisson’s ratio 0.22 0.34

Table 2. Static mechanical properties of fibres and matrix

The input material properties for fatigue simulaioof MF unit cells include the static
properties of fibore segments and matrix shown imblda2, and fibre tensile properties
calculated by Eq. (1) and fatigue properties cal@d by Eq. (3).

P(e)=1- eXp[— (i—;jﬁ} o

where P is the fibre failure probability at tensleaing;, 3 andey, are Weibull parameters. It
is assumed that fibre segment fatigue lives areackerized by a power law S-N model Eq.

2).

log(N) = C, xlog(g,.,) + C C, =-C,log(s,) 2)

max)

2 where

whereg; is the fibre tensile failure strain, N is the fpte life of the fibre segment subjected
to the maximum fatigue loads.ax, C; and G are S-N slope and intercept. In other words,
fibre fatigue is regarded as a deterministic precasd the fatigue life of a fibre segment is
only determined by its initial static failure stmiaand the slope of the S-N line. By substituting
Eqg. (1) into a S-N form model Eq. (2), Eg. (3) #aned for random fatigue lives calculation
of fibre segments.

Ay <
P(N):l—exp|—(Nﬁj } where 3, = ’i and N, :[ij (3)

0 ] max

where 3y and N are Weibull parameters of fibre segment fatigwedi subjected to the
maximum fatigue loadsmax.

The parameters values for Eg. (1) to Eq. (3) aosvehin Table 3. The higk is used because
the length of fibre segments is only 2.

Tensile strain parameters

B 4.9

€ [%0] 115
Fatigue life parameters
C, -30.0
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G, 28.2

Table 3. Parameters of fibre properties characterization

From the MF unit cell fatigue simulation, the fateglifetime and stiffness degradation curves
for the unit cell are obtained. Repeated simulatiane used in order to characterize the
fatigue life distribution of the unit cell, and rggrate a data pool of stiffness degradation
curves. These data are used as input of the Mesot&te models.

3 Meso-Structure models

The MS models are created by stacking elementseo$ize of the MF unit cell models. Two
types of MS models built up of 7-fibre unit cellsdad5-fibre unit cells are generated by using
the finite element software MSC.MARC, and called M$&odel and MS45 model
respectively. The dimensions of MS7 and MS45 modetsshown in Table 4, in which the
length, width and thickness are measured along thas (fibre orientation), y axis and z axis.

MS7model M S45 mode

Length jum] 1600 1600

Width [um] 1141 1157

Thickness jim] 971 1012
Number of elements 1360 224

Table 4. Dimensionsof MS models

The overall view of both unit cell models is illtegied in Figure 3. Identical to the elements in
MF unit cells, the MS model is meshed by three-disnenal 20-node brick elements. Each
element represents a typical 7-fiber or 45-fibré oaell.

Figure 3.The overall view of MS7 models (left) and MS45 misdgight)

The element material properties are based on thelaiion results of the MF unit cells, and
include the initial static properties, fatigue By@egradation curves of stiffness and Poisson’s
ratios. The initial static properties are calculiatérectly from static simulations of MF unit
cells. The definition of element properties degtextais done by randomly selecting a set of
degradation curves of a MF unit cell from a prededi data pool, which contains the
degradation curves of stiffness and Poisson’ssaifaall 20 MF unit cells simulation results
obtained for the load levelhx of 3%. The fatigue lives are calculated by Eq. t(®)ether
with Eq. (3), of which the fatigue parametds C; and G are extracted from simulated
fatigue lives of 20 MF unit cells. Miner’'s Rule used to deal with the spectruaq.x loading

problem caused by the uneven degradation of mechlaproperties of the surviving
elements.
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Because the properties of the unit cell along tagig and the z-axis are slightly different due
to the orthogonal asymmetry, an arbitrary numbeelements (MF unit cells) are rotated by
90° . For the rotated elements, the mechanical praseréilong y-axis and z-axis are
exchanged. An example of the element rotationlustilated in Figure 4, in which a random
7-fibre unit cell is rotated in the MS7 model.

IR T .
: .....: o ® o i Unit cell rotated
00 %% V¥

i [ X ] i o0 i

900000

00 00 |

Figure 4. lllustration of a random 7-fibre unit cell rotatbg 90°
4 Modelling procedure

The fatigue simulation procedure on MF unit celisl MS models are comparable. Figure 5
shows the general flow chart for both modellinggeures.

Material properties
definition
v
Stress-strain state
calculation
Y
Fatigue cycles
increment calculation
v
Failed elements
determination

N
Material properties

no
fatigue degradation

If ves

Figure5. Flow chart of MF unit cell and MS model fatigue silation

Model properties
calculation

At each iteration, the output material propertiésMy unit cells or MS models involve
longitudinal Young’'s modulus g, transverse Young's moduli;f Ess, Poisson’s ratioss,
V31, V23, V32, V12, V21, loNgitudinal shear moduli £ G2 and transverse shear modulisGGss,
Gi2, Gy1 which are calculated from 9 independent finitemedat simulations subjected to
periodical boundary conditions. Tensile and shedorthations of the MF unit cells or MS
models are obtained under these boundary conditsnshown in Figure 6.
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Figure 6. Unit cell deformations under different perioditalundary conditions

The determination of fatigue cycles for each iierais different between simulations of MF
unit cells and MS models. For the MF unit cell slations, the number of fatigue cycles at
each iteration is found by finding the fibre segmsewith the smallest remaining life. That
means, at each iteration, one (or more) fibre setgnare indicated broken. For the MS7
model, a similar approach is used by identifying ¢#hements with the smallest remaining life.
However, for the MS45 models, the increment ofjiai cycles at an iteration is calculated by
1/20 of the remaining fatigue cycles of the nexsgible broken element. In the following
iterations, if no elements are found broken, tlegament of fatigue cycles remains the same.
Otherwise, the fatigue cycles increment at thatiten is updated by the remaining fatigue
cycles of the new broken elements. Then in the nepdtion, the increment of fatigue cycles
is re-calculated by 1/20 of the residual fatigde bf the new next possible broken element.
This approach is required because otherwise tige klement size affects the accuracy of the
stress redistribution and stiffness degradatiocutations, and consequently of the fatigue
life. For the other models this approach is nounegl because the finer mesh makes them
less sensitive to stiffness degradation of indigldeiements. In all simulations, for practical
reasons, the calculated elapsed fatigue life lems 1 cycle is assigned to be 0 cycles.

The simulated model is assumed to fail when alleBbare broken (for MF unit cells) or a
throughout elements failure is formed (for MS majleFigure 7 shows iso-surfaces of tensile
straing;; for a 7-fibre unit cell and MS7 model at the fifi@lure. The yellow color indicates
the highe;; strains caused by the failure of fibre segmemtsh@ 7-fibre unit cell) or elements
(in the MS7 model). Meanwhile, the correspondingnmadized &, degradation curves are
plotted at the right-down corner, with the blackclds showing the stage where the final
failure occurs.

8% o2 04 06 o0& 10
Normalized N [-]

Figu nal failure patterns of a 7-fibre unit cell akikb moel
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If the final criterion is not reached, the matepabperties of all broken elements are degraded
to a near-zero value (e.g. 0.001). FurthermoretiieMF unit cells, residual tensile strains of
surviving fibre elements are calculated by rewgtigg. (2) to Eqg. (4), while the Young's
modulus is assumed not to degrade. It is assumeadatiix crack forms and grows in the unit
cell. Therefore, all material properties of thevéuing matrix elements are not degraded.

109(Nes) = =C, * [10g(£e,) 109 (&1 )] 4)

in which Nes and €5 are the residual fatigue life and tensile straspectively. For MS
models, the material properties of the survivingnednts are degraded according to the
corresponding degradation curves, which are oldaifrem the MF unit cell fatigue
simulations.

5 Results and discussions

The simulated fatigue lives of MF unit cells and Mi®dels are shown in Figure 8 and Figure
9. Extracted fatigue parametgks C, and G from these results are shown in Table 5.

SN Diagram
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Figure 8. Comparison of fatigue lives of 7-fibre Figure 9. Comparison of fatigue lives of MS7 and
and 45-fibre models MS45 models

For MF unit cells, the 45-fibre unit cell gives hagy fatigue life and smaller scatter (higB)
than 7-fibre unit cells. The reduced fatigue litatter can be explained by the large number
of fibres, reducing the chance of a unit cell wattireme properties. The longer fatigue lives
are caused by the large model size which allowsensewvere damage progression in the
displacement controlled boundary conditions befmra failure occurs.

7-fibre unit cell ~ 45-fiore unitcell MS7 model M54nodel

Bn [-] 0.49 0.58 1.83 1.82
Ci[] -32.2 -32.7 -32.2 -32.7
Ca[1] 25.4 26.6 22.2 22.7

Table 5. Comparison of fatigue parameters between fibresMiadinit cells

For MS models, the fatigue parameters of MS7 and®®odels are similar. This indicates
the modelling approach is consistent within thelesaange used. However, difference
between the stiffness degradation curves of thenMd8els can be observed, as in the plots of
degradation curves of normalized axial Young's moslug; shown in Figure 10. The
normalized k; are calculated by the ratio between degraded saud initial values, while
normalized N are calculated by the ratio betweapssd fatigue lives and final unit cell
fatigue lives. It is clearly shown that normaliz€égd degradation curves of MS7 models are
more gradual than those of MS45 models.
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Figure 10. Comparison of normalized; Edegradation curves of MS7 and MS45 models

Moreover, it has to be mentioned that the computingg for a 45-fibre unit cell fatigue
simulation is much longer than for a 7-fibre uretlcbecause the 45-fibre unit cell is larger
and more iterations are needed for the fatigue lsithons.

6 Concluding remarks

MS7 and MS45 are two types of Meso-Structure nuraémodels with similar geometrical
size but constituted by 7-fibre and 45-fibre urell€ respectively. In a multi-scale micro-
mechanical fatigue modelling approach, they areandgd as the basic building block
elements of geometrically larger numerical modets the Coupon Size models).

According to the study in this paper, the fatigives of MS7 model and MS45 model are
comparable. The use of the MS models based onr@-tibit cells is preferred because this
size is shown to be sufficient to adequately moded material behaviour and it is
computationally more efficient.
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