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Abstract:  
 
The development of fracture mechanics test methods for the determination of delamination resistance 
or fracture toughness of fiber-reinforced, polymer-matrix composites is an active area of research. The 
emphasis in this review is on standardisation of test methods. Recent developments leading towards 
new standardized test procedures will be presented, complementing and updating earlier reviews.   
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1. Introduction 
 
The status of the development of test methods for fracture mechanics properties of fiber-reinforced, 
polymer-matrix composites (FRPC) around the millennium has been reviewed by Davies et al. [1] 
and Tay [2]. The present contribution will focus on more recent developments and provide an up-
date on these earlier reviews. For the ease of comparison, it will be organized similar to the review 
by Davies et al. [1]. The emphasis will be on experimental work, i.e., the development of test 
methods that have been recently standardised, are currently being considered for standardisation, 
or are under development with the aim of proposing them as future standard test methods. There is 
also extensive research on theoretical developments and modelling in fracture mechanics of FRPC, 
but a review of these aspects is beyond the scope of the present paper. Modelling aspects are 
discussed extensively by Tay [2]. 
It is worthwhile to briefly consider for which purposes delamination resistance data from various 
laminates can be used. As outlined in [1], comparative assessment of different formulations of 
matrix materials with respect to improved toughness for materials development, the determination 
of damage tolerance of composite structures that was perceived to correlate with delamination 
resistance, and the need to establish critical energy release rates for structural design and 
calculations are major reasons for the development of standardised test methods. The latter is still 
limited to a few applications, even though the principal methodology has been established [3]. 
Quality control in manufacturing or failure analysis of composite parts and structures, in principle, 
do constitute other areas of application of the standards. While the former may be implemented at 
some manufacturers (e.g., those publishing data sheets with fracture mechanics values), the latter 
is rarely used and, to the best of our knowledge, not documented in the literature. 
In the area of delamination resistance testing, the concurrent development of test methods for 
composites and adhesives by the Technical Committee 4 (TC4) Polymers & Composites of the 
European Structural Integrity Society (ESIS) is fairly recent. This recognizes the fact that the major 
problems are the same or analogous in various polymer-based materials. In this respect, it will also 
be worthwhile to follow the development of test methods for “natural” composite materials, such as 
wood (see, e.g., [4]). A detailed description of the test procedures developed for FRPC within ESIS 
TC4 and data determined with these procedures up to 2001 are available in [5]. 
In the following, the status of delamination resistance test method development is briefly reviewed 
and recent developments are discussed. The sequence of sections will follow the mode of loading 
(mode I = opening, mode II = shear, mode III = twisting, various mixed modes) and each section be 
organized according to the loading-rate (quasi-static, fatigue, high-rate). 
 
 
2. MODE I TESTING 
 
A mode I (opening) test method for delamination resistance has finally been accepted as an 
international standard by ISO in 2001 [6]. The test method published by the American Society for 
Testing and Materials (ASTM) in 1994 [7] is, in a revised version issued in 2001, technically 
equivalent to the ISO test. The mode I standard test method issued in 1993 together with a mode II 
procedure by the Japanese Standards Association [8] is similar, but not identical to the ISO and 
ASTM procedures. For details on the earlier approaches, the reader is referred to [1]. 
The preferred specimen type in most mode I tests is the so-called Double Cantilever Beam (DCB), 
schematically shown in Fig. 1. A non-sticking, thin film insert acts as starter crack (recommended to 
be less than 13 μm thick). Tensile load to open the starter crack and to promote delamination 
through the mid-beam interlaminar layer is introduced via two load-blocks at quasi-static cross-head 
displacements between 1 and 5 mm/min. Delamination lengths are determined visually during the 
test, the use of a travelling microscope for more accurate delamination length readings is optional, 
but recommended. The data analysis is either based on beam theory (with corrections for load-
blocks and large displacements) or on experimental compliance calibration [6]. 
An earlier alternative for a mode I delamination resistance test was based on a setup where either a 
wedge was driven into a starter crack or a pre-cracked specimen was driven against a stationary 
wedge [9]. There are obvious problems with the proposed version, e.g., the neglect of friction 
effects in the analysis and the difficulty of determining delamination initiation. Even though this type 
of setup never became widely used, it may have some merits in special cases. One of them is the 
preparation of pre-cracks in laminates without film insert, e.g., for failure analysis [10]. Due to the 
symmetry in load introduction and setup, a wedge-type test is currently under consideration for a 
mode I procedure with load rates between 1 and about 10 m/s within the ESIS TC4. 
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The scope of the ISO standard test method currently limits its application to quasi-static loading of 
unidirectionally carbon or glass fiber-reinforced thermosets and thermoplastics. Research and 
development on mode I testing directed towards future standardisation in the years since 2001 
mainly concentrated on exploring whether the existing standard method could accommodate 
conditions or parameters outside the defined limits or whether a modified procedure would be 
needed to achieve this. 
Test parameters for mode I – or, in fact, for any mode or mode mixing - can be explored in many 
different directions. Major questions are other types of fibers (e.g., aramide or natural fibers such as 
jute or hemp or of non-unidirectional fiber arrangements (e.g., woven rovings, braided or knitted 
fabrics, other types of lay-up (e.g., cross-ply, multidirectional), other types of loading (e.g., fatigue, 
higher rates), other specimen shapes (e.g., with curvature and taper), and testing under other 
environments (e.g., high and low temperature, respectively, or in different media, such as water). 
The above list is by no means complete and various combinations of the listed test conditions could 
also be considered. 
In 1989, a review of different types of fiber and matrix, summarized the fracture toughness data for 
glass- and carbon-fiber reinforced laminates under mode I and mode II loading [11]. Unfortunately, 
there is no summary of data that have been published since then. Also, many round robin data from 
test development still remain unpublished. Literature on fracture toughness of Kevlar-based 
composites is scant (see, e.g., [12-14]) and not all data are from pure Kevlar reinforced laminates. 
The situation for composites from natural fibers is similar [15, 16], even though it is expected that 
due to increased interest in renewable resources, these materials will gain in importance. There is 
literature on mode I fracture toughness measurements of glass-mat (e.g., [17]) and various textile 
glass-reinforced (e.g., [18]) composites, as well as of woven carbon-reinforced laminates (e.g., 
[19]). 
 

 
 
Figure 1: Schematic of the Double Cantilever Beam specimen used for Mode I testing, load blocks 
(a) or piano hinges (b) can be used for the load introduction [6]. 
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Delamination resistance testing of unidirectionally fiber-reinforced composites from man-made 
fibers has, with the exception of glass- and carbon-fibers, not yet been investigated in round robin 
studies and hence not been standardised. The same holds for composites made from natural 
fibers. A priori, there is no obvious reason why composite laminates with other fiber types could not 
be tested according to the mode I ISO procedure, as long as size and stiffness criteria [6] are 
fulfilled. Even though most literature on fracture toughness or delamination resistance testing of 
laminates with other types of fibers [12-16], i.e., not carbon or glass, does not reference any of the 
standard test methods, the methodology in many cases is equivalent. It can hence be concluded 
that the standard test method [6] is applicable to composites reinforced with other, unidirectionally 
aligned fibers. 
The applicability of the standard DCB specimen for delamination resistance testing of laminates 
with multidirectional lay-up has been assessed by Choi et al. [20], and more recently by Morais et 
al. for carbon- and glass-fiber laminates [21, 22]. Multidirectional lay-ups frequently pose problems 
because of crack branching and/or deviations of the delamination from the central plane. Both 
effects invalidate the analysis according to the ISO standard [6]. Delamination resistance from 
DCB-test on multidirectional laminates can probably be quantified for initiation only. No significant 
dependence on the delaminating interface (fiber orientation) was observed [22]. 
Even for cross-ply composites (alternating 0° and 90° orientations stacked on top of each other), 
extensive round robin testing yielded about 50% of invalid tests due to deviation from the mid-plane 
[23]. Typically, the delamination path oscillates between adjacent 0° plies (Figure 2). These 
specimens yielded initiation values similar to those observed in the corresponding unidirectional 
laminate and much steeper resistance curves [23], but higher initiation values have been reported 
also [24]. This increase in apparent delamination resistance does not scale with the increase in 
delamination area and the mechanisms are not fully clear yet [25]. The observations that initiation 
values for cross-ply and multidirectional laminates are comparable to those in unidirectional 
laminates and apparently do not depend on the type of delaminating interface could be due to the 
observation (made in the case of cross-ply laminates) that the delamination has to propagate a 
certain distance (around 0.5 to 1 mm, Fig. 2 edge view), before the oscillating pattern forms [25]. 
 

 
 
Figure 2: Typical delamination path observed in cross-ply (alternating 0°/90° layers) laminates, 
oscillating between adjacent 0° plies. (Left): view onto fracture surface. (Right): edge view. If 
delamination paths deviate into the 0° plies tests are considered invalid. 
 
Clearly, lay-ups with different fiber orientations of the laminate are preferred over unidirectional 
orientation in most applications and determining experimental data, e.g., for design, still seems to 
be problematic. Frequently, unidirectional laminates are considered to represent a lower bound but 
this assumption may discard a considerable part of the design potential of specific multidirectional 
laminates. 
The ASTM D6115 procedure constitutes a first step towards standardisation of other types of 
loading, namely mode I fatigue [26]. Constant amplitude tension-tension fatigue loading at various 
G-levels is used to determine delamination growth onset in unidirectional fiber-reinforced laminates. 
The procedure is based on a limited data base from unidirectional carbon fiber tape laminates with 
single-phase polymer matrix, as stated in the scope [26]. Fatigue delamination propagation, 
however, is not considered in this procedure. Within ESIS TC4, there are plans for round robin 
testing towards a standard test procedure for fatigue delamination propagation with parameters 
based on published research [27, 28]. A model for the effect of stress ratio on fatigue delamination 
under mode I loading has been developed by Andersons et al. [29]. Fatigue life models based on 
experimental data have also been investigated (e.g., [30, 31]). 
High-rate loading typically deals with displacement rates on the order of one to several meters per 
second. It has to be noted that the speed of the loading device (e.g., cross-head or drop weight) 
and the resulting delamination speed may be quite different. In Mode I, data for a carbon-fiber 
epoxy laminate [32] indicate that there are rate-insensitive and rate-sensitive regions of loading 
rate. The data further show lower fracture toughnesses (about -25%) at higher loading rates. It is 
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hence of interest to develop test methods at higher loading rates. In a unidirectional glass-fiber 
epoxy laminate, however increasing rate (up to 6 m/s) yielded increasing GIC values [33]. 
If the DCB-specimen used for quasi-static tests is subjected to higher loading rates, e.g., in a 
suitable fixture in a drop tower, dynamic effects such as flexural waves propagating in the beam 
can lead to asymmetric loading situations (Figure 3). This may require a change from the DCB-
specimen to a wedge loaded configuration [9]. Preliminary testing for a planned round-robin within 
ESIS TC4 to determine mode I delamination resistance at load rates between about 1 and 10 m/s 
will involve both, hydraulic test machines and drop towers.  
Ballistic impact loading is performed at even higher rates (10 m/s and higher) but typically on plate 
specimens or parts without starter defects. Damage mechanisms are quite complex. Delamination 
initiation and growth do occur [34] but quantitative assessment of delamination resistance does not 
seem feasible from such experiments.  
 

 

 
 

Figure 3: A series of frames selected from a high speed video sequence recorded at 4000 frames 
per second. The time interval between each frame shown here is 5 ms (in the film sequence, the 
frame interval was 250μs). The photographs are from a DCB-test at 1 m/s and even at this 
relatively moderate loading-rate, an asymmetry is introduced. 
 
3. MODE II TESTING 
 
Currently, there exists one Mode II standard test [8] based on the three-point bending end notch 
flexure (ENF) specimen, since the European Aerospace procedure (prEN6034) is still at the draft 
stage. Early round robin work on mode II ENF had been conducted jointly by JIS, ASTM and ESIS 
but, contrary to the situation in mode I, had not resulted in international consensus [1]. Several 
factors contributed to that. First, the ENF-test is essentially unstable and thus allows only 
determination of initiation values but not of resistance curves. Second, the question of friction 
contributions was raised and this resulted in the question whether mode II data were to be regarded 
as apparent values with no significance as materials data [35]. 
The four point end notch flexure (4ENF) test was proposed by Martin and Davidson in 1997 [36] 
and appeared to resolve many of the mode II testing problems. It offered three significant 
advantages, stable crack propagation, a simple test fixture and a straightforward data analysis. It 
was evaluated in two round robins organised by VAMAS, involving ASTM, ESIS and JIS 
participants [37, 38]. In the first, values of GIIc were compared to values from other mode II tests. In 
the second a more detailed study of the 4ENF specimen was carried out. There were some 
anomalous results recorded in these two exercises, notably an apparent decrease in GIIc with 
increasing span length, Figure 4.  
Another observation from early results was that the 4ENF tended to give values of GIIc significantly 
higher than those from 3ENF specimens [39]. 
Nevertheless, overall, and compared to the three other mode II tests examined (ENF, ELS and 
SENF), the 4ENF specimen appeared satisfactory. Stable propagation was observed, allowing 
compliance calibration to be made during the test, and results from different laboratories were 
reasonably consistent (Figure 5). 
The test was subsequently used in a number of studies. For example, data analyses were 
discussed in more detail by Schuecker and Davidson [40]. Results from tests on glass/epoxy 
specimens were also published [41]. 
The situation in 2003, therefore, seemed clear and it appeared to only be a matter of time before 
the 4ENF specimen would become the standard mode II test method. However, Davidson and 
colleagues continued to work on the test, in particular trying to understand and explain differences 
between 3ENF and 4ENF test results. They examined in more detail, for both test configurations, 
the influence of four factors: 
- loading roller diameter 
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- specimen geometry 
- friction, and 
- fixture compliance. 
Their conclusions were presented to the ASTM D30 committee in 2004 [42] and are currently being 
published. First, the roller diameter will contribute to non-linearity as the contact points move and 
there is a specimen shortening effect. This will be more pronounced in the 4ENF than in the ENF 
test as the shortening effect comes from both inner and outer rollers. A second related effect is the 
change in vertical moment arm. Davidson and Sun [43] showed that these effects will cause the 
ratio of non-linear to linear beam theory values of GII to decrease below one at low loads then to 
increase above one as loads increase. The specimen geometry (span length) will also affect these 
non-linearities, but for typical dimensions and roller diameters with carbon/epoxy materials these 
effects are likely to affect the measured results by less than 5%. 
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Figure 4. Influence of specimen geometry (lower span/upper span) on initiation values of GIIc (in 
J/m²) from mode I precrack, brittle carbon/epoxy specimens 3 mm thick, results from K. Tanaka, 

University of Toyama, 2nd VAMAS Mode II round robin tests. 
 
 
The influence of friction in the 3ENF test had been examined numerically previously by Carlsson et 
al. [44] who concluded that for values of friction coefficient between 0 and 0.5 the influence on GIIc 
values would be less than 5% for most cases. For the 4ENF specimen Davidson et al. measured 
friction coefficient values using a variable wedge fixture which allowed them to increase the wedge 
angle until samples of half specimens started to slide. They obtained values of 0.374 and 0.345 for 
two carbon/epoxy materials. When these values were included in numerical analyses it was 
observed that friction would have a slightly larger influence in the 4ENF specimen than in the 3ENF, 
but its influence was still minor. It was therefore apparent from these analyses that while all these 
factors influence the accuracy of results they were not sufficient to explain some of the large 
differences reported between GIIc values from 3ENF and 4ENF tests. 
The final aspect examined was fixture compliance. Tests were performed on aluminium bars of 
different geometries to calibrate the two fixtures. FE analyses then enabled the influence of the 
fixture compliance to be determined and it was clearly shown that fixture compliance played a very 
significant role in GIIc determination. It was also shown that the 4ENF specimen is more sensitive to 
this, due to the need to include an upper roller bearing. A fixture compliance calibration will be 
essential if this test is to be used in a standard, but such calibrations are already standard for other 
tests. 
 



 

   7 

Mode II 4ENF propagation
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Figure 5. Propagation values measured by 6 groups at two crack lengths for carbon/epoxy,  
 

 
 
Figure 6: Schematic of the End Loaded Split test set-up for mode II delamination resistance testing. 
 
Current activities within ESIS TC4 investigate the End Loaded Split (ELS) specimen for mode II 
testing again. This configuration (Figure 6) has the advantage of yielding stable delamination 
propagation. The specimen is clamped at one end in a sliding fixture and the load applied through 
one load-block. There is some early literature (see [1] for references), and recent round robin 
results including a clamp correction procedure and an approach for circumventing the inherent 
problem of visual delamination length measurement based on an approach developed for mode I 
[45] will be published soon [46]. 
Mode II tests of multidirectional glass- and carbon-fiber laminates and their analysis, complemented 
by extensive modelling are reported in the literature [47-49]. A dependence on the angle of the 
delaminating interface was observed, with increasing values of GIIC for increasing angle of fiber 
orientation. Also, a comparison between initiation values from a starter film and from mode II pre-
crack showed significant resistance curve effects, i.e., higher GIIC values from the pre-crack. 
An early attempt in 1993 within ASTM to develop a mode II fatigue test based on the ENF-
specimen recommended an R-ratio of 0.1 and a test frequency of 5 Hz. However, it was not 
intended for standardization and not pursued beyond the draft stage [50]. Recent research in this 
area again employed the ENF-specimen. The feasibility of the approach was shown and the Paris 
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law dependence between lamination growth and applied ΔGII confirmed [51]. However, it is unlikely 
that this test will be developed into a standard procedure soon. 
An investigation of mode II delamination of glass-fiber composites has not shown rate effects in the 
range between 1 m/min and 3 m/s [52]. Recent FE-simulations of delaminations at impact speeds 
up to 40 m/s raise several questions, in particular that of the effects of friction [53] The simulations 
and further experimental studies may provide a basis for the future development of a high-rate 
mode II test procedure. 
 
 
4. MODE III TESTING 
 
Mode III (out-of-plane shear) testing was the subject of some interest in the late 1980’s and several 
specimen geometries were proposed, including split cantilever beam [54] and cracked rail shear 
[55]. However, all of these had drawbacks and none was pursued at that time. A summary of these 
test methods is given in [56]. Interest revived with the introduction of the ECT (Edge Cracked 
Torsion) test by Lee [57] in 1993. This involves applying equal and opposite moments to the 
corners of rectangular specimens with a specially designed stacking sequence including 90/0/+45/-
45 plies and a mid-plane insert film (Figure 7). 
This test has been investigated in detail with respect to friction and mode II contributions, and both 
were found to yield negligible contributions [58]. 
 

 
Figure 7. Mode III ECT test set-up, initial version 

 
An ASTM D30 round robin was organized to evaluate this test on carbon/epoxy samples but the 
results reported in 1997 indicated large scatter and considerable non-linearity. The test frame was 
then modified so that load could be applied symmetrically by two pins, and a second round robin 
was organized. Results presented in 1999 indicated that delaminations did not always grow at the 
90°/90° interface and a significant mode II component was indicated near the loading pins. Longer 
test specimens were recommended to reduce the latter. Suemasu developed an alternative loading 
technique, using a torsion machine to twist prismatic bars with insert films and suggested that this 
provides more pure mode III loading [59]. Further standardization work on mode III testing has not 
been reported, but some more recent publications have shown results from this specimen 
geometry. 
Ratcliffe [60] ran tests and numerical analyses. He noted a strong effect of initiation values on insert 
length when maximum load was used to determine GIIIc values. When onset of non-linearity was 
used values obtained were lower than GIIc values for the same materials. He also underlined the 
need for detailed fracture surface analysis to validate the tests. These observations underline the 
difficulty with this specimen. Crack growth is not visible so multi-specimen testing with different 
initial crack lengths and post-test inspection is necessary. Li et al. [61] applied the ECT specimen to 
measure GIIIc values for E-glass/epoxy and showed that intralaminar cracks in the 90° plies 
contributed significantly to GIIIc values during propagation. 
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Fatigue or high-rate mode III results on composites have, to the best of our knowledge not been 
published in the literature, but may be the subject of current research. 
 
 
5. MIXED MODE TESTING (I/II, I/III, II/III) 
 
The MMB (Mixed Mode Bending) test configuration, shown schematically in Figure 8, has become 
the accepted way of determining variable ratio mixed mode (I/II) fracture energy. 

 
Figure 8. Schematic representation of mixed mode bending test configuration. 

 
A standard test method [62] was introduced in 2001 and this is now widely used. The fixture 
proposed in the standard is a modified version of that originally proposed by Crews and Reeder in 
1988 [63] as the initial version resulted in non-linearity due to large displacements [64]. The test 
fixture enables mixed mode ratio to be varied simply by changing the loading moment arm.  
During the standardization process some modifications were introduced by Reeder, including an 
improved data analysis, more accurate mode ratio determination and checks on fixture alignment 
[65]. The data reduction is based on a corrected beam theory expression rather than compliance 
calibration as the crack propagation is not always stable and shifting the specimen to measure 
compliance for different crack lengths (as performed for ENF specimens for example) is difficult due 
to the bonded hinges. Bhashyan and Davidson studied MMB data analyses in some detail and their 
results indicated that the modified beam theory agreed well with FE analyses [66]. The 
determination of lever length for a required mixed mode ratio in the standard is now determined by 
a more accurate expression than the original simple beam equations, as round robin test results 
showed that mode ratios were often very different to those expected. Careful test fixture alignment 
was shown to be necessary to obtain reliable values as delaminations can originate at insert film 
corners if this was not checked. A procedure with a 0.05 mm feeler gauge is now included to verify 
alignment. Finally, lever arm weight may need to be corrected and this can complicate the analysis. 
A modified fixture proposed by Chen et al. [67] to reduce the influence of the weight of the lever 
arm on the measured toughness and simplify the analysis was not included in the standard test 
method but corrections are needed if the arm weighs more than 3% of the applied load. 
The MMB fixture has been used in a number of recent studies. The scope of the ASTM standard is 
defined as ”limited to use with composites consisting of unidirectional carbon fiber tape laminates 
with brittle and tough single-phase polymer matrices. The test is further limited to the determination 
of fracture toughness as it initiates from a delamination insert”. However, its subsequent use has 
not been limited to this. For example, fracture envelopes for glass/epoxy unidirectional composites 
were produced by Ducept et al. [68]. Scaled-up fixtures have also been designed to allow MMB 
tests to be performed on woven glass fiber reinforced composites with large weave size (Figure 9). 
The influence of fiber orientation in carbon/epoxy laminates was examined by Kim & Mayer [69], 
who showed a strong influence of fiber mismatch angle at the crack plane on crack propagation 
resistance. The MMB specimen has even been used to examine the influence of through-thickness 
reinforcement (Z-pins) on crack propagation resistance, though the authors stress that the nominal 
mixed mode fracture energies obtained are not material properties and should only be used as an 
indication of the influence of the z-fibers [70]. 
The success of the MMB fixture has limited the development of other specimens. The fixed ratio 
mixed mode ADCB (Asymmetric Double Cantilever Beam), studied extensively by the ESIS TC4 
group in the 1990’s, is limited as it is a single ratio of 4:3 of mode I to mode II component [1]. The 
ADCB-test requires a sliding fixture the same as the mode II ELS-test. Locus plots with pure mode 
I, pure mode II and mixed mode I/II can thus be generated with two test rigs (DCB and sliding 
fixture for ELS and ADCB), or, alternatively with three rigs (DCB, 4ENF, and MMB). The latter will 
yield a larger range of mixed-mode ratios, at the expense of an additional test fixture. However, the 
larger the mode II ratio in the mixed-mode test, the more the problems associated with mode II 
testing will come into play, too. 
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Figure 9. Scaled-up MMB fixture, shown next to standard size fixture. 

 
One of the rare criticisms of the MMB test has been the cost of the fixture, and this has motivated a 
few studies of other specimen configurations. Tracy et al. [71] suggested that a single leg four point 
bend (SLFPB) test might provide a simpler alternative, Figure 10. 

 
Figure 10. Schematic of the single-leg-four-point (SLFPB) specimen for mixed-mode testing. 

 
These authors tested a configuration introducing approximately 50% mode I, 50% mode II on 
carbon/epoxy composites. 
There has also been some further analysis of single leg bending specimens reported [72] but it 
seems unlikely that any of these specimens will be proposed for standardization. 
Virtually all research work has focussed on mode I/II, very few studies have looked at I/III or II/III 
since the early work on tensile tests with special stacking sequences described previously [1].  
Mixed mode delamination under fatigue loading has been investigated, e.g., by Kenane and 
Benzeggagh [73] for glass- and by Blanco et al. [74] for carbon-fiber laminates. 
Very few studies have examined high rate mixed mode fracture. A recent publication by Wosu et al. 
[75] investigates dynamic delamination fracture using a split Hopkinson bar experiment and three 
different specimens: a) Mixed-mode open-notch flexure (MONF), b) anti-symmetric loaded end-
notched flexure (MENF), and c) center-notched flexure (MCNF). The maximum impact energy has 
been 9.3 J. Comparison with mixed-mode bending data showed some agreement with respect to 
mode II but less with mode I.  
 
 
6. OTHER ISSUES 
 
This section deals with issues that relate to several or all modes or loading conditions that have 
been discussed above, as well as with new developments that, in the admittedly subjective opinion 
of the authors, are expected to become important in the near future.  
There is some literature on intralaminar fracture, see, e.g., [76-80], but currently, this area is not 
under consideration for developing standardised test methods. Testing of thick composite materials 
has also received some attention [81] and ASTM has issued a standard test method for 
translaminar fracture toughness [82] with the eccentrically-loaded single-edge notch tension ESE(T) 
specimen. 
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Woven reinforcement in composites can provide a bridge from two- to three-dimensionally 
reinforced laminates [83]. A major development since the last review paper has been the 
introduction of composites with through-the-thickness reinforcements. Stitching [84-88], Z-pinning 
[89-90] (Figure 11) and braiding [18, 91] are three approaches for obtaining three-dimensional 
reinforced composites of which delamination resistance in mode I or II has been investigated in 
recent literature. Z-pinning has been introduced commercially and first composite structures with Z-
pins are in service in spite of concerns about their long-term behavior [92]. 
There are significant difficulties in the determination of fracture resistance and at present most 
studies simply indicate lower bound toughness values, which correspond to the strain energy 
release rates at which some mechanism other than delamination occurs and invalidates the 
analysis. There have been attempts to develop micromechanics approaches but there is presently 
no widely accepted method for evaluating such materials. For Z-pinned laminates, the simple model 
of a developing and fully developed delamination resistance [93] represents a first step towards a 
quantitative analysis. Acoustic Emission monitoring of delamination propagation in complex 
laminates (see, e.g. [33, 94]) can also yield useful information for the interpretation of the 
delamination resistance. Even though an apparent increase in delamination resistance has been 
observed, there remain questions, such as for example, the influence of three-dimensional 
reinforcements on fatigue and high-rate delamination behavior [95], beside the interpretation of the 
data. Given their technical advantages the development of appropriate evaluation methods for 
these materials will be essential in the next few years. 
The evaluation of effects of environmental exposure on fracture mechanics data has to be 
evaluated also, in particular if fracture mechanics data are used in the design of composite parts or 
structures [3]. Ageing effects from thermal cycles (e.g., [96]) or water exposure (e.g., [97-99]) on 
quasi-static behavior can quite likely be assessed by testing suitably exposed specimens in a 
standard laboratory climate. Fatigue delamination growth at elevated temperatures has been 
investigated for example by Sjögren and Asp [100]. Exposure to certain media, e.g., solvents may 
require suitable test rigs analogous to those described for investigation of stress-corrosion cracking 
effects [101]. The same holds for evaluation of delamination resistance at low temperatures, e.g., 
for aerospace applications [102]. 
Delamination resistance determination on structural parts such as filament-wound composite pipes 
has been attempted by some researchers. Mode I delamination (see e.g. [103, 104]), mode II (see, 
e.g., [105, 106]), and mixed mode I/II delaminations (see, e.g., [107]) have been investigated. 
Another area in which delamination tests are being used is in sandwich structures, for which 
interface crack resistance is of primary importance. Tests have been developed to characterize this 
failure mode under different loading conditions [108]. The main application of testing in this area is 
quite likely design verification; examples of this have recently been described by e.g., Zou et al. 
[109], and Savage [110]. 
 

 
 

Figure 11: DCB-specimen of Z-pinned GFRP laminate in mode I delamination test 
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The use of two parameter models to represent fracture in FRPC has become increasingly popular 
since the last review by the present authors. Such models are based on the approach that two 
parameters exist to describe the fracture process, namely Gc and σmax. The Gc value is obtained 
from the delamination test under the appropriate mode of loading (i.e. mode I, II, III or mixed) and 
the σmax value (which is assumed to be the critical limiting maximum value of the stress in the 
damage zone ahead of the crack) is required from an independent test but is often assumed. The 
cohesive zone model is a general representation of a two parameter failure criteria, and these 
models have been applied extensively to describe delamination fracture in recent years [111]. A 
traction-separation curve is used to describe the fracture, with the area under the curve 
representing Gc. The model is usually implemented using FEA. A recent paper [112] investigated 
the use of a cohesive zone model to describe fracture in three different fracture mechanics test 
specimens, including a FRPC in mode I. The authors found that the cohesive zone model 
description of fracture was close to that observed experimentally, and to that predicted analytically 
[113], but the physical significance of the value of σmax employed was found to be questionable and 
there was a lack of uniqueness in the solutions obtained. Whether σmax represents a true 
characteristic material fracture criterion is still an open question. 
The delamination resistance of most composites with modified polymer matrix, such as e.g., 
recently developed nano-modified or nano-structured polymers can quite likely be determined 
according to the existing procedures [114]. 
An interesting suggestion is the use of doubler reinforcement plates for delamination resistance 
testing in cases where premature failure of one specimen arm is observed. This may occur in thin 
specimens or in high toughness laminates [115]. A similar concept has been used by Kim et al. 
[116] to study mode I delamination resistance of weft-knitted fabric composites. 
 
 
7. SUMMARY AND OUTLOOK 
 
Summarizing the current status of standardised tests for determination of the delamination 
resistance of fiber-reinforced polymer-matrix composites (FRPC), significant progress within the last 
five to eight years can be noted. First there are now standardised test methods published by 
recognized organisations for a number of different cases. Considerable research has been 
performed investigating issues related to either different types of lay-up or to different types of 
loading. Specifically, the important questions of rate-dependent and fatigue behavior of laminates 
are currently being addressed by committees dealing with the development of standardized test 
methods.  
Progress has also been made with respect to analysis and interpretation of the data. Several test 
methods now offer spreadsheets for data analysis, including various correction factors and offering 
the opportunity to compare different approaches for analyses (e.g., beam theory based versus 
experimental compliance). Currently, the exact measurement of the delamination length has 
become a focus of attention and recent models may provide operator-independent determination of 
effective crack lengths. Modelling efforts may help to further improve understanding of various 
factors affecting the measurements. 
While not currently being considered for standardisation, development of procedures for 
determining the fracture toughness of parts or elements made of FRPC has also advanced. On the 
other hand, few examples of the application of fracture mechanics data in design are available in 
the published literature. 
Developing suitable testing and analysis procedures for the determination of the delamination 
resistance of multi-directional laminates under quasi-static and fatigue loading in the different 
modes remains a challenge. 
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