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Abstract: Up until today, mode-I fatigue delamination testing has not been standardized, because
no consensus exists on best practices to reduce the observed scatter in data, and on the proper
parameter describing similitude. A dominant contributor to the scatter seems the fibre bridging
observed in the tests. This paper proposes a straightforward experimental and analysis approach to
derive zero-bridging delamination resistance curves from each tested specimen without requiring a
theoretical model.
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1. Introduction

Although quasi-static fracture toughness tests have been standardized for various opening
modes [1-3], no agreement exists yet on a standard to correctly obtain fatigue delamination data.
Most researchers adopt specimen geometries defined in standardized fracture toughness tests.
However, no consensus exists on the proper parameters for similitude [4-7]. Aside from various
factors causing scatter in the data, the most dominant reason for the absence of a test standard seems
the observed fibre bridging. Where fibre bridging is rarely observed in practice, it is a dominant
phenomenon shielding the delamination tip in laboratory tests, resulting in unconservative data [8].

To come to data excluding this bridging contribution, various methods and approaches have
been proposed in literature [9-11]. Most of these approaches require a theoretical model for
bridging, or numerical simulations, to rework data to zero-bridging delamination resistance curves.
The objection to these approaches is that because data depends on the adopted models, it cannot or
should not be treated as experimental data. Therefore, this paper proposes an alternative approach
that allows to derive the zero-bridging curves straightforwardly from fatigue delamination tests
without requiring a model. The procedure is explained and illustrated with fatigue delamination
data obtained from double cantilever beam tests at R = 0.1 [12,13], to show how this approach could
be standardized unambiguously.

2. Problem Statement

Fibre bridging is a mechanism where, as result of fibre ‘nesting’, fibres my remain connected to
both fracture surfaces of a double cantilever beam specimen effectively provide a load path over the
delamination in the crack tip wake. This load path reduces the stress intensity, or strain energy
density, at the crack tip, for which reason it is often referred to as crack shielding mechanism.

The influence of fibre bridging on the delamination resistance curve is first of all introduced via
the initial crack length. A little variation of few millimetres in the initial crack length changes the
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position of the curves. Multiple curves generated with a variation in initial crack length, therefore

appear to exhibit apparent scatter, see Figure 1.
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Figure 1. Delamination resistance curves obtained from specimens 1, 2, 4, 7 and 11 (R = 0.1) [13]

illustrating the influence of the initial crack length on the location of the curve.

This scatter obviously is unwanted, but it seems not easily eliminated. As the length of
delamination increases, the amount of fibre bridging increases. This becomes apparent with the shift of
delamination resistance curves to the right in Figure 1. However, because the crack length increases
throughout the test, this also means that the slope of the curve is affected; without fibre bridging the
slope of the curve would be less steep. In particular towards lower crack growth rates, this means the

curve is unconservative for practical cases where bridging does not occur.

3. Proposed Experimental Procedure

The trend in Figure 1, can also be generated with a single specimen. After a test is terminated
when very slow crack growth or even retardation is achieved, a new pre-crack could be created and
the loads could be increased to repeat the test on the same specimen. Depending on specimen

dimensions, this procedure can be repeated multiple times, as illustrated in Figure 2.
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Figure 2. Delamination resistance curves obtained from specimen 7 [13] illustrating the influence of

the initial crack length on the location of the curve.
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Through each of the curves in Figure 2, one can fit a standard Paris relationship between the

measured delamination growth and the preferred similitude parameter. For the similitude

parameter AVG this relationship is then given by
1)

™ = e(W6)" = e[ (fBrmar — o) |

dN
With these relationships one can subsequently establish a mean value of AG for a selected
value of the crack growth rate da/dN. The procedure for determining the mean value and the
standard deviation is similar to what is common practice in establishing S-N curves. Along the slope

defined by the exponent n in Equation (1) all data points can be translated to the desired level of

da/dN following
d
a)] + 10g1o(AVG) @)

1 da
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in which AVGr is the value of each data point after translation. Hence, for each curve in Figure 2, the
statistical distribution can be obtained. A simple method of doing so, is to reorder the values for AVG

from low to high, and to assign a probability Py following [13]
100n
= ®)

T e +1
in which 7 is the rank number and n:«t the total amount of data points per curve. With this procedure

cumulative density functions can be plotted as illustrated in Figure 3.
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Figure 3. Cumulative density function at da/dN = 4.5 x 107 for the delamination resistance curves

from specimen 7 [13] illustrated in Figure 2.

What becomes apparent from Figure 2 is that the influence of fibre bridging can be expressed as

influence of the effective crack length (a — ao). Hence, the strain energy release rate AVG is a function

of the crack length and crack growth rate, i.e., AVG = f(a — ao, da/dN). This relationship can be obtained

by regression through the data. Linear regression will not work, because of the power law

relationship between AVG and da/dN (Equation (1)), and the non-linear relationship between AVG

and (a — ao) [15,16]. The best surface fit through the data is obtained following the relation
da da\1?
Log(AVG) = Cy + Cy(a — ay) + CyLog (—) + C3(a—ag)?+C, [Log (—)]
dN dN

The theoretical trend line at (2 — a0) =0, i.e., the trend line at zero fibre bridging, is obtained by

reducing Equation (4) by setting (a — ao) = 0. Translating all data using Equation (4) while preserving

the original scatter can be achieved by maintaining the relative error between each data point and its

corresponding position on the surface fit, when translating it to (2 — a0) = 0. Applying this translation
for the data in Figure 2, results in the delamination resistance curve given in Figure 4.
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Figure 4. Zero-bridging delamination resistance curve obtained from specimen 7 [13] after
translating all curves from Figure 2 to (a — @) = 0. Grey data points at da/dN = 4.5 x 107 m/cycle
indicate scatter band per curve.

Several observations can be made in Figure 4. First, the scatter and the distribution is greater
than in the individual curves. This is however similar to what is obtained when performing multiple
delamination growth tests and combining all individual curves together. The other more important
observation relates to the slope of the curve. As mentioned before, the fibre bridging relates to the
crack length, which increases throughout a test. Hence the crack length at high da/dN is smaller
compared to the low da/dN data, which means that the shielding at small crack growth rates is
greater. The presented procedure here eliminates this shielding contribution, yielding a curve with
lower slope.

To illustrate the reproducibility of the above described methodology the translated curve is
compared to a curve obtained from another specimen, where seven respective curves were obtained,
and fitted to Equation (4) to generate the zero-bridging curve, see Figure 5.

Both zero-bridging curves are compared in Figure 6, illustrating the excellent correlation
between the two average curves. Only little variation between the constants and exponents is
observed. The scatter associated to both curves is illustrated in Figure 7 through the cumulative
density function. Again, excellent correlation is obtained.
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Figure 5. Zero-bridging delamination resistance curve obtained from specimen 11 [13] after
translating all individual curves to (a2 — a0) = 0. Grey data points at da/dN = 4.5 x 107 m/cycle indicate
scatter band per curve.
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Figure 6. Comparison between the zero-bridging delamination resistance curve obtained from
specimens 7 and 11 [13] after translating all curves to (a — a0) = 0. Grey data points at da/dN = 4.5 x
107 m/cycle indicate scatter band per curve.
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Figure 7. Comparison between the cumulative density functions at da/dN = 4.5 x 107 for the
zero-bridging delamination resistance curves from specimen 7 and 11 [13] illustrated in Figure 6.

4. Conclusions

The proposed methodology to evaluate fatigue delamination growth constitutes two major
differences compared to current practice: Firstly, per specimen multiple delamination resistance
curves are generated by repeating the delamination procedure each time after retardation is
achieved. Secondly, per specimen the data is fitted to a surface given by Equation (4), after which all
data is translated to (a — a0) = 0. This results in zero-bridging curves comprising substantially more
data per specimen, that maintain all scatter associated to various sources except fibre bridging.
These curves can be statistically correlated subsequently to curves obtained from other specimen.
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