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Fig.5 Paris law exponent relation with mode mix ratio
Tab. 1 Coefficients for Paris law at different mode-mixtures
Sample ID Actual Gi/G Paris law log A Paris law r
009 0% -26.8677 8.002
006 0% -27.8142 8.134
014 24 - 28 % -25.4931 7.957
016 53-55% -23.5969 7.112
010 83 -85% -20.7375 5.796

Finally, all data were filtered and fitted by the Russell and Street analytical model (Fig. 4)
obtained from the article [1], nevertheless other more recent models can be found [2, 3]. The
model with 4 constants (A1, Au, I, I'n) is presented by Eq. (13). Gi denotes to maximum strain
energy release rate in the cycle and AG; to the range of G in the cycle. Gic is fracture
toughness.
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(13)

The mode mixture is slightly changing during the crack growth as the fixture setup is fixed.
Actual mode mixture range where the crack growth rate and the coefficients were evaluated is
stated in Tab. 2.

Tab. 2 Coeftficients for fatigue crack growth at different mode-mixtures determined by Eq. 12
fitting based on total energy release rates components of AG.

Al An N q]

Russell and Street model [1] 2.813E-05 4.976E-03 7.209 4.839

A finite element numerical simulation of quasi-static tests utilizing cohesive zone
modelling was also evaluated. The analysis was performed for three values of Gu/G: 26, 54,
and 80%. The results are presented in Fig. 6 together with only one representative
experimental result for each Gu/G ratio (dashed lines).
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Fig.6 Load-displacement curves; FE analysis and representative experimental data

The initial stiffness is in good correlation with experimental data. Before the maximum
load-carrying capacity the softening is present. The effect is more severe with Gu/G ratio
increase. The maximum level of loading corresponds with the maximum test load, but
displacement is greater in the FE analysis. The loss of load-carrying capacity is sharp in the
case of experiment, but FE analysis shows gradual load decrease. It is also more severe with
increase of Gi/G ratio. This response can be caused by gradual development of cohesive zone
before crack advance; especially in mode II.

Conclusions

A method for fatigue crack growth evaluation under mixed mode I/II was established.
The curves of crack growth rate vs. strain energy release rate were obtained and fitted
by the analytical regression model considering the mode mixtures. In the FE-analysis, the
cohesive zone modelling technique was used to represent the cohesive behaviour of
interlaminar interface. The comparison of experimental data and computed load-displacement
curves shows initial corresponding development, but slow crack advance in comparison with
the experimental rapid crack growth. The experiment provides unique composite material data
that can be sparsely found in the literature.

Acknowledgment

The authors would like to thank the Technology Agency of the Czech Republic for supporting
this research with project no. TE02000032.

References

[1] N. Blanco, E.K. Gamstedt, L.E. Asp, J. Costa, Mixed-mode delamination growth in
carbon—fibre composite laminates under cyclic loading, Int. J. Solids Struct. 41 (2004) 4219—
4235.

[2] L. Zhao, et al., A novel interpretation of fatigue delamination growth behavior in CFRP
multidirectional laminates, Compos. Sci. Tech. 133 (2016) 79-88.

[3] Y. Liu, C. Zhang, A critical plane-based model for mixed-mode delamination growth rate
prediction under fatigue cyclic loadings, Compos. Part B. 139 (2018), 185-194.

174



KADLEC Martin, SEDEK Jakub

[4] P. Naghipour, M. Bartsch, H. Voggenreiter, Simulation and experimental validation of
mixed mode delamination in multidirectional CF/PEEK laminates under fatigue loading, Int.
J. Solids Struct. 48 (2011), 1070-1081.

[5] ASTM Standard D6671M-06, Mixed Mode [-Mode II Interlaminar Fracture Toughness of
Unidirectional Fiber Reinforced Polymer Matrix Composites, ASTM International, West
Conshohocken, PA, 2006.

[6] M. Kadlec, L. Novakova, 1. Mich, L. Guadagno, Fatigue delamination of a carbon
fabric/epoxy laminate with carbon nanotubes, Compos. Sci. Tech. 131 (2016) 32-39.

175





