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ABSTRACT: In the current research we present a combined experimental and analytical investigation
for two novel interlaminar fracture specimens: the mode-Il over-notched flexure (ONF) and the mixed-
mode I/l over-leg bending (OLB) specimens. In the first part of the work we introduce the analytical
compliance and strain energy release rate expressions, while in the second part of our presentation
we demonstrate the details of the experimental systems together with the experimental results.
Comparison between the analytical and experimental results is included and a very good agreement
may be established in both specimens. Apart from that, the presented ONF and OLB specimens show
similar fracture mechanical behavior, which is also highlighted in the presentation.

1. INTRODUCTION

The interlaminar fracture in composite materials is characterized by using different types of
specimens, which can be treated as slender beams. To obtain a complete interlaminar fracture
envelope for the material the critical strain energy release rate (Gc) needs to be determined under
mode-I| (G)), mode-ll (G,) and the mixed-mode I/l (Gy;) loading. While for mode-lI delamination the
double-cantilever beam (DCB) specimen [1] is a well-understood tool, for mode-Il and mixed-mode /1|
cases there are many configurations, which have advantages and relative drawbacks.

For mode-Il testing six specimens are available. The end-notched flexure (ENF) specimen is
the subject in most of the investigation [2]. Later, the stabilized form of the ENF specimen (SENF) [3]
was proposed. The end-loaded split (ELS) [4], the four-point bend ENF (4ENF) [5] and the over-
notched flexure (ONF) specimens [6] are also popular mode-Il configurations. Finally, the tapered ENF
(TENF) specimen [7] should be mentioned as an efficient mode-Il geometry.

Numerous mixed-mode I/ll configurations are available in the literature, and the development
of these setups is still progress in nowadays. The most universal one is the mixed-mode bending
(MMB) [8], since it allows to determine a complete fracture envelope. However, to the best of our
knowledge only in the case of crack initiation. The single-leg bending (SLB) [9] and the single-
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Figure 1 — The mode-Il ONF (a) and the mixed-mode I/ll OLB (b) delamination specimens.



cantilever beam (SCB) [10] are also the subjects of studies on interlaminar fracture.

In the present work the mode-ll and mixed-mode /Il delamination in E-glass/polyester
composite is investigated by using the ONF (Figure 1a) and the novel over-leg bending (OLB, Figure
1b) specimens [11], respectively. A beam theory based delamination model [12] is applied to derive
the compliance and the strain energy release rate (SERR) of the specimens. Furthermore,
experiments on unidirectional specimens are performed and the experimental data is evaluated by
means of the compliance calibration and the analytical method. Finally, there is some discussion on
the obtained results.

2. DELAMINATION MODEL - BEAM THEORY

In our last work the following equations were presented for the mode-lI and mode-Il energy release
rate of beam-like fracture specimens [12]:
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where the mode-l and mode-Il bending moments are:

where M; and M, are reduced bending moments at the crack tip. The functions in Egs. 1 and 2 are
[12]:
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where the first in Eq. 3 incorporates the effect of Winkler-Pasternak foundation, the second in Eq. 3
takes the Saint Venant effect into account, while the first in Eq. 4 accounts for transverse shear effect
and the second in Eq. 4 considers shear deformation of the crack tip [13]. Furthermore, ‘b’ is the
specimen width, ‘h’ is thickness, ‘E4‘ is the flexural modulus, ‘Es;‘ is the transverse elastic modulus,
‘Gq3' is the shear modulus, k=5/6 is the shear correction factor and ‘a’ is the crack length.

The derivation of the compliance of the ONF specimen is slightly complicated, a beam theory-
based approach resulted in the following compliance expression for the ONF specimen [14]:
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where ‘c’ is the length of the uncracked region (2L-a), ‘s’ is the position of the applied load and ‘L’ is
half of the span length (refer to Figure 1). The first term is from Euler-Bernoulli beam theory, the
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second one is from Timoshenko beam theory and the last term from crack tip deformation analysis.
For the ONF specimen the reduced bending moments at the crack tip are: M=M,=P(2L-s)/4L, the
application of Eq. 1 results only in a mode-Il component:
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It is noteworthy that the crack length (a) should be replaced with the length of the uncracked length (c)
in Egs. 1-4. Based on the analysis, equations, similar to the aforementioned may be derived also for
the OLB specimen. The compliance of the OLB specimen becomes [11]:

2
aL 32 aL +16Ls(s—4L) +s[4L(2L—s)—sc]+

oLB _ s?c® ak ]
c? c? o 8bhkG ;L2

© 8bh3E, L2

s?c® hE% th% h3E%
+32[5.07(j(”J +8.58[] (“J +2.08[j (”J ]+ @)
8bh’E, L c \Eg c) \Eg c) \Eg

1 1

2.3 2 2 2.2 2

—— 2[0.98(hj En +o.43(hj By, 1 3s7et B 2
8bh°E, L c\Gis c) Gy ) mdabh?E, 12| Gy

The reduced bending moments for the OLB coupon are: M1=P(2L-s)/2L, M,=0. The application of Eq.
1 results in the following SERR components:
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3. EXPERIMENTS AND DATA REDUCTION

The fixtures for the ONF and OLB tests are illustrated in Figure 2. The tests were carried out using an
Amsler testing machine under displacement control. The load-deflection data was measured, the latter
was monitored by the dial gauge, shown in Figures 2a and b. The full span length was 2L=151 mm,
the position of the external load was s=47.5 mm (refer to Figure 1). The contact regions above the
supports were slightly roughened in order to prevent the longitudinal sliding.

Two kinds of measurements were carried out. At the first stage initiation tests were performed
on both configurations. In the case of the ONF test the specimens with initial crack length from 50 to
105 mm with 5 mm increment were prepared (0.33-2L<a<0.69-2L). For the OLB test the crack length
range from 55 to 115 mm (0.36-2L<a<0.76-2L) with 5 mm increment was investigated. If the initial
crack length was higher than 105 mm in the ONF test and 115 mm in the OLB test, respectively, we
were not able to facilitate crack initiation and large displacement of the specimens occurred. The



specimens were tested to failure at the crack length of interest and the critical load and deflection were
recorded.

At the second stage propagation tests using six ONF and OLB specimens with a;=50 mm initial
crack length were performed. In this case a millimeter scale was traced on the lateral sides of the
specimens, the crack length was measured visually by following the crack front on the upper surface
of the specimens and the position of the crack tip was marked. The compliance of the specimens was
determined at each crack length.
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Figure 2 — Over-notched flexure (a) and over-leg bending (b) tests for interlaminar fracture.

3.1 Compliance Calibration

The compliance of the ONF [6] and OLB [11] specimens may be written as
C=C,+n(@a-2L)°. (10)

The coefficients, Coo and n may be determined by using least square fitting. The SERR may be
calculated by using the Irwin-Kies expression:
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3.2 Direct beam theory
As it will be shown later the compliance calibration gives misleading result in the case of the ONF test

if crack initiation is considered. Therefore, the direct beam theory is also applied. In this case the
flexural moduli of the specimens is eliminated. The relevant equation based on direct beam theory are:

2 —
gow o P8 1o . da 8aL2+ 16La3+8Ls(s 4;_)
2L-a (2L-a)® (2L-a)® (2L-a)

2b(2L-a)6’ ’ (12)

where P is the load, & is the experimentally determined specimen displacement, respectively.



4. RESULTS AND DISCUSSION

4.1 Initiation tests

The recorded load/displacement curves are shown in Figure 3. The response was essentially linear
elastic in both specimens, which justifies the application of the linear elastic fracture concepts. The
range of the applied load is somewhat higher in the case of the ONF test. In spite of this, we may
observe that the OLB specimen requires higher displacement values to reach the point of fracture at

each crack length.
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Figure 3 - Load/displacement curves up to fracture initiation, ONF test (a), OLB test (b).

The measured compliance values and the calculated curve are plotted in Figure 4a for the
ONF specimens. The beam theory-based solution agrees well with the measured values. In the case
of the OLB specimen (Figure 5a) the agreement is again excellent. It should be mentioned that in both

configurations the characteristic distance is the length of the uncracked region (c).
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Figure 4 - Measured and calculated compliance from initiation tests (a). SERR against the crack
length (b) (ONF specimen).

Three reduction techniques were used to calculate the mode-lIl SERR by the ONF test. Its
values against the crack length are plotted in Figure 4b. It seems that the CC method gives somewhat
surprising results. The beam theory and direct beam theory show approximately a 790 and a 730 J/m?
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steady state values, respectively, while the value of 540 J/m? was obtained by the CC method.
Therefore, the result of the CC method is slightly doubtful and its application is not recommended in
this case. The mixed-mode I/l SERR by the OLB test is illustrated in Figure 5b. In this case the
correlation between the analytical equations and the CC method is better, however this time the beam
theory slightly overpredicts the values by the CC method. Overall, this is not significant. The relevant
steady state values are 715 J/m? by beam theory and 650 J/m? by means of the CC technique.
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Figure 5 - Measured and calculated compliance from initiation tests (a). SERR against the
crack length (b) (OLB specimen).

4.2 Propagation tests

The load-displacement curves are demonstrated in Figure 6. A remarkable feature is that the load-
displacement curves exhibit a bilinear character. For the ONF specimen the range of the applied load
(Figure 6a) is about two times higher compared to the initiation tests (refer to Figure 3a). On the other
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Figure 6 - Load/displacement curves, propagation tests. ONF specimen (a), OLB specimen (b).

hand the range of the applied load is eventually the same in propagation and initiation tests if we
investigate the results by the OLB test (refer to Figure 3b and Figure 6b). The stiffness of the system
was higher in the ONF setup, this may establish the relatively large load values.

The measured compliance values and the calculated compliance curve are depicted in Figure
7a for the propagation test of one ONF specimen. The experimentally measured compliance values



correspond well with the analytical curve. For the OLB configuration (Figure 7c) essentially the same
compliance curves were determined under crack propagation as it was shown in Figure 5a.

The propagation SERR is plotted in Figures 7b and d. Focusing our attention to Figure 7b we
may observe that the mode-Il toughness reaches a clear plateau value, its average value based on six
specimens which is 2787 J/m? as determined by the CC method. The result of the beam theory
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Figure 7 - Measured and calculated compliance from the propagation test of one ONF (a) and
OLB (c) specimen. G,-a data from ONF test (b). G;;-a data from OLB test (d).

(2817) closely agrees with the results by CC method. The same conclusions may be established if we
consider the results by the OLB test (Figure 7d). However, in the latter case there is not a clear
plateau value, which may be explained by the fact that the OLB specimen is mode-l dominated.
Overall, the strain energy release rate grows up to 1250 J/m?.

Davies et al. [7] presented mode-II critical strain energy release rates within 1500-2000 J/m? for
glass/epoxy composite using the mode-ll ELS coupon. The significance of the employed data
reduction is highlighted in this work. For mixed-mode the single leg four-point bend (SLFPB) specimen
seems to be a reasonable alternative for comparison. Tracy et al. [15] reported 1500 and 1750 J/m?
plateau values for carbon epoxy systems. Although the steady-state values are different compared to

our results, all these authors have found the same trends as it was shown in Figures 4b, 5b, 7b and
7d.



6. CONCLUSIONS

The interlaminar fracture in unidirectional glass/polyester composite was investigated by using
the mode-Il ONF and the mixed-mode I/ll OLB specimens. The experimental data was evaluated by
using linear beam theory, the compliance calibration method and the direct beam theory. The initiation
SERR was found to reach a plateau value in both configurations. The crack propagation tests
revealed that the mode-Il toughness by ONF test also reach a clear steady state value. In contrast the
mixed-mode toughness proved the so-called R-curve behavior. Overall, a very good agreement was
found between the analytical and experimental reduction techniques. The ONF and OLB specimens
were found to be efficient tools to examine the fracture properties of the used composite material.
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