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1. Introduction 

The damage evolution in glass fiber reinforced polymer composites is a complex process, which is influenced by many factors and proceeds at many scale levels. In order to predict the strength and lifetime of composites, the various models dealing with different aspects of the damage and fatigue evolution. These models should lead to the understanding of the effect of different microstructural parameters on the strength and lifetime of the composites and to the identification which parameters influence the output properties most.
A number of these models have been developed in the framework of UPWIND project [1-14].  These models have to be validated and compared with experiments. In this report, we summarize  the validation and verification results on some of these models. 
2. Progressive debonding in fiber einforced composites

In this work [2], the finite element model of progressive debonding in fiber reinforced composite is developed based on the cohesive-zone model of interface. An interface crack nucleation, onset and growth have been studied in detail for a single fiber and comparison is made with the linear fracture mechanics model. Then, the effect on debonding progress of local stress redistribution due to interaction between the fibers was studied in the framework of two-inclusion model. Simulation of progressive debonding in fiber reinforced composite using the many-fiber models of composite has been performed. It has been shown that the developed model provides detailed analysis of the progressive debonding phenomenon including the interface crack cluster formation, overall stiffness reduction and induced anisotropy of the effective elastic moduli of composite.

To verify our model vs. experimental data, we refer to [15, 16]. In these works, the transverse tension tests were conducted for a single glass fiber embedded into the epoxy matrix. They reported there elastic moduli of matrix material (Ciba Geigy LY 5052/HY 5052 epoxy resin) are: νm = 0.33, Em = 2.8 GPa. The elastic moduli of E-glass fiber (supplied by Owens Corning, 17 μm in diameter) are: νf = 0.22, Ef = 71 GPa. According to supplier, tensile strength of fully cured epoxy matrix is 80–86 MPa. Zhang et al. [15], and Varna et al. [16] have estimated the interface toughness as Gc = 2 N/m in the case of absence the coupling agent (NOCA) and Gc = 10 N/m when the coupling agent was added (CA). The matrix–fiber debonding was observed at tensile stress σfar equal in average to 40 MPa (NOCA) and 75 MPa (CA). The interface strength σc was not estimated there: however, it follows from the above numerical study that it must be close to σfar. For the assigned properties, the criterion introduced in [2], in both cases gives G* ≈ 0.5, i.e. the condition Gc [image: image3] 1 does not meet which means that applicability of the LFM model is not obvious here.

In Figure 1, the debonding semi-angle is shown as a function of applied far load. The stars represent the experimental data by Zhang et al. [15] the line-connected triangles show the results of numerical analysis. There was an uncertainty in σc definition so calculations were performed for two distinct σc values. The open and solid triangles in Figure 1 correspond to σc equal to 25 and 30 MPa, respectively, in the NOCA case and 50 and 60 MPa in the CA case. As seen from the plot, correlation between the model and experiment is quite satisfactory for the semi-angle values up to 70°. The model predicts this value to be limiting for a given single-fiber composite: further loading leads, instead of crack propagation, to considerable stress concentration in the matrix and crack kinking. It seems plausible that large (of order 80°–90°) debonding semi-angle observed by Zhang et al.  [15] are caused by the partial matrix destruction or other, not considered by us factors. Noteworthy also that in the experiment an interface crack started from pre-existing crack and propagated along the fiber as well, i.e., the stress around the fiber may differ from that predicted by the plane strain problem we consider, see [15] J. Koyanagi, P.D. Shah, S. Kimura, S.K. Ha and H. Kawada, Mixed-mode interfacial debonding simulation in single-fiber composite under a transverse load, Journal of Solid Mechanics and Materials Engineering 3 (2009), pp. 796–806. Full Text via CrossRef[]][[17].


	[image: image4.png]Debonding angle 6,, deg

2

&

* - cxperimental data by
Zhang etal. (1997)
—a—, —o—- simulation

0 2 0 0 0
Load o, MPa





	


	Figure
	1. Debonding semi-angle vs. load: comparison with experiment.


The debonding paths in the composite under transverse loading were determined in the simulations [12]. Figure 2a shows the typical simulation result whereas Figure 2b shows the experimentally observed [18] crack path; the similar data were obtained by many authors (see, e.g.,[19]). As seen from the plot, the simple model predicts correctly direction of damage development. 

[image: image5.png]




	
	

	Figure
	2. Debonding path in the random structure FRC: (a) – simulation, (b) – experiment by Gamstedt and Andersen (2001). 


3. Fatigue model based on kinetic theory of strength

In [14], a new approach to the modeling of material degradation in cyclic loading has been suggested on the basis of the kinetic theory of strength,. Assuming that not stress changes, but acting stresses cause the damage growth in materials under fatigue conditions, we applied the kinetic theory of strength to model the material degradation. The damage growth per cycle, the effect of the loading frequency on the lifetime and on the stiffness reduction in composites were determined analytically. 

In order to validate the model, we used the experiments  by Mandell and Meier [20] (which were carried out with the purpose to exclude heating effects) to verify this model. In [20], both tensile cyclic loading and static experiments for cross-ply E-glass/epoxy laminates are presented. From the static experiments, one can determine the parameters A and B of the time-to-failure equation from [14]. The linear regression formula for the static fatigue test was obtained in the form:

S= 369 – 16.5 log t.

From this formula, we obtain the following values for A and B for the considered material:
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The S-N curves obtained by Mandell and Meier for different frequencies (0.01, 0.1, and 1 Hz), are presented in Table 1. 

	Table
	1. Regression formulas for S-N curves obtained in [20]

	Frequency, Hz
	Regression formulas for the S-N-Curves

	1.0
	S=405 – 45.0 log N

	0.1
	S=378 – 40.7 log N

	0.01
	S=355 – 37.0 log N


Figure 3 shows the S-N curves calculated on the basis of the developed model  and its comparison with the experimental data by Mandel and Meier. The deviation from the experimental curve is in the ranges up to 12%. Given the small amount of adjustable parameters and the approximate type of the model, the difference between the theoretical results and experiments is acceptable.
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	Figure
	3. Comparison of experiments and theory, for the case of frequency 0.01 Hz. 


Further, we can estimate the effect of the wave shape (squared versus triangular) on the N-S curve:
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Mandell and Meier considered  the squared and triangular (spike) shapes of loading weaves, and obtained the following regression formulas for the S-N curves (f=0.1 Hz): 

Square wave: S=446 – 49.9 log N 

Spike loading: S=508 – 58.8 log N

The ratio between the values of N for squared and triangular loading is 1.09…1.12. Using the formula  (1), we can calculate this ratio. Substituting all the values, we have:
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Thus, the estimation on the basis of formula (1) gives the results which are very close to the experimental results. 

4. Compressive cyclic loading

Mishnaevsky Jr, and Brøndsted [4] developed a statistical computational model of strength and damage of fiber reinforced composites under longitudinal compressive loading, using the Monte-Carlo method (to generate unit cells) and the Budiansky-Fleck fiber kinking condition. In this model, unit cells with many fibers (with random misalignment) are generated and subject to axial loading (or repeated loadings). For each fiber, the kinking condition is checked, according to the Budiansky-Fleck kinking condition. If one or several fibers kink, the stress is redistributed over remaining fibers, thus, increasing the load on remaining fibers, and the likelihood of their kinking.  This model was generalized for the cyclic loading.  

In order to compare the theoretical S-N curve with the experimental results, some additional corrections have to be introduced into the model. So, the ideal Gaussian distribution of fiber misalignments means that 2% of fibers have a misalignment more than 5 degrees. Apparently, this is not realistic, given the technology of fiber placement. Thus, we use the truncated normal distribution to describe the misalignment distribution in composite. In our further simulations, the distribution of fiber misalignments follows the normal probability law between -3o and 3o.

Figure 4 shows the comparison of experimental [21] and theoretical S-N curves of carbon/epoxy composites. The 100 levels of applied stresses (constant in each cycle) were considered. For each cycle, a new unit cell (with 500 fibers and volume content 50%) was generated. Each cyclic loading simulation run up to 15000 cycles for each considered stress level. The simulation was stopped, if the damage in the composite exceeded 0.3. 

It can be seen that the stress- lifetime curve, obtained in the simulations, does correspond well to the experimental results.
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	Figure
	4. S-N curves for a carbon/epoxy composite: Experiments [21] and modeling 


	

	


5. Effect of the angle between the fiber direction and loading on the composite properties
Mishnaevsky Jr, and Brøndsted [22] developed an analytical model of composite reinforced by fibers with random misalignments and waviness. In this model, the stiffness of a composite with inclined cylindrical fiber was determined analytically. The formula based on the rule of mixture, and the formula for Young modulus of laminate with inclined layer was derived in the following form: 
E=[ Eelt* ah2/tg β+ Em*(3.464 hr2- ah2/tg β)]/ 3.464 hr2

where EL =Ef vcloc +Em(1- vcloc); Et= Ef Em / EL; νlt= νf vcloc +νm (1- vcloc); Glt= Gf Gm / [Gf vcloc +Gm(1- vcloc)], Ef ,Em , EL, Et -Young modulus of fiber, matrix, Reuss and Voigt averaged values, νf, νm, Gf, Gm –Poissons ratio and shear modulus for fiber (f) and matrix (m) materials,  vcloc - volume content of fiber material in the vertical part, containing the fiber, β - angle with the horizontal plane, h- specimen height, a= ([6tg(30o)/π] vic vc sin β/h)1/2, r and vic – radius and the volume of the matrix cylinder containing the fiber,
Eelt=[sin 4β/EL+(1/Glt-2νlt/EL) sin 2β cos 2β+cos4β /Et]-1

In order to compare this curve with experiments, we use the uniaxial tensile testing results from [23, 24]. In this work, the specimens of GFRP (with inclined fibers) were subject to uniaxial load. Among other results, the change of the elastic moduli as a function of the angle was determined (Figure 6).
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	Figure 
	5. Photo of specimen being put into the loading cell
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	Figure 
	6. Elastic modulus as a function of the angle


Figure 7 shows the calculated normalized (over the 90 degrees  Young moduli) values of Young modulus plotted versus the angle between the loading vector and the fiber orientation. The material properties for glass fiber and epoxy matrix were: 


Em=3 790. MPa; Ef=72 000. MPa; vm=0.37; vf=0.26; vc=20%

One can see that the calculated data are qualitatively similar to the experimental data.
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	Figure 
	7. Normalized (over the averaged Young moduli over all the data) values of Young modulus plotted versus the angle between the loading vector and the fiber axis: Experimental and theoretical data, vc=50%


6. Conclusions

For the series of numerical and analytical models of the damage evolution in glass fiber reinforced polymer composites developed in UpWind project, the examples of experimental verifications and validations are presented. 
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