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Abstract This paper presents an experimental study of the composite beams with elastic couplings subjected
to the end-notched flexure (ENF) test. The object of research were carbon/epoxy composite laminates with
specific stacking sequences exhibiting the bending–extension and the bending–twisting couplings. In addition,
multidirectional laminates with different delamination interfaces were tested. Influence of elastic coupling
phenomena on behavior of laminates subjected to the bending moment as well as on fracture toughness and
delamination surfaces after the ENF tests was discussed. All experiments were performed according to the
ASTM D7905 Standard. Determination of crack initiation was supported by the acoustic emission technique.
Data analysis of the ENF test was performed by using both the direct beam theory and the corrected beam
theory. Results obtained by using the classical data reduction schemes were compared with the compliance-
based beam method (CBBM). Greater values of the fracture toughness obtained by using the non-standardized
methods can be explained by the effect of the fracture process zone which was taken into account in the CBBM
calculation scheme. Delamination surfaces of coupled laminates after the ENF tests were investigated by using
the scanning electron microscopy. Results revealed that the effect of elastic couplings might influenced on
intense bridging phenomena, more extensive fracture process zone and contribution of the mode III in total
delamination resistance. Nevertheless, application of the standardized ENF procedure to determination of the
fracture toughness of laminates exhibiting elastic couplings is still possible, provided assistance of additional
data reduction schemes and techniques or numerical analysis.
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1 Introduction

Fiber-reinforced plastic (FRP) laminates, besides steel, are widely used in many industry sectors. The main
advantages of polymeric composites are high strength and corrosion resistance. The most common type of
failure in FRP laminates is delamination which is the major weakness of advanced composite structures.
Another problem which can have a considerable effect on delamination resistance may be an elastic coupling
phenomena which may be present when laminates are manufactured with specific configuration of layers.
The fracture toughness (GC) in the form of the critical strain energy release rate (c-SERR) values can be
determined for three basic modes including the mode I (tensile opening), the mode II (in-plane shear) and
the mode III (transverse shear). Among them, the mode II delamination is one of the common damages in
the industrial structures because of applying flexural loads to the parts. There are various standardized test
methodologies available to determine the mode II fracture toughness of fiber-reinforced polymer composites,
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namely the end-notched flexure (ENF) test [1], the end-loaded split (ELS) [2] test and the mix-mode bending
(MMB) test [3]. All these methods are widely used by the scientific community and the industry to obtain
the fracture properties of materials. The advantages and limitations of each configuration were reviewed in
[4] where it was found that one of the main problems in the mode II testing is poor comparability among the
existing test methods. The causes of such discrepancies in results are diverse, ranging from the friction [5,6]
and large deflections involved, to the complex damage mechanism occurring at the crack tip. Nevertheless, the
end-notched flexure is among others the most widely used technique to study the mode II fracture owing to
only requiring a common three-point bending fixture. Therefore, many researchers have examined the mode
II delamination of laminated composites by using the ENF test [7–16].

The respective ASTM Standards cover the measurements of the GIIC only of unidirectional (UD) lami-
nates. However, most applications in composite structures involve multidirectional (MD) laminates, in which
delamination tends to occur between layers of different orientations. Moreover, MD laminates usually present
elastic couplings which can be the source of significant errors in the GIIC measurements [17]. Couplings lead
to a non-uniform distribution of the energy release rate along delamination front [18] resulting in skewed and
curved crack fronts when propagating an initially straight crack in fracture test and possibly also mix-mode
effects. This may in turn lead to an error in the evaluation of the fracture toughness based on analysis which
assumes a uniform crack extension across the specimen width and assumption of fracture mode from global
considerations. Davidson et al. [19] presented a three-dimensional finite element results for the energy release
rate (ERR) distribution in symmetric and antisymmetric ENF specimens. It has been shown that the difference
between the maximum and minimum ERRs along the delamination front is a function of the specimen’s Dc

ratio. It has also been shown that the asymmetry in the energy release rate distribution about the center of the
specimen’s width is a function of the Bt ratio. For the ENF loading, the peak energy release rates occurred at
one or both edges of specimen. Moreover, larger bending–twisting coupling resulted in larger asymmetries in
the energy release rate, whereas larger longitudinal–transverse bending coupling resulted in larger peak values.
Similar conclusions were drawn by Samborski [20]. He performed a numerical study concerned the mode II
critical strain energy release rate distribution along delamination front in mechanically coupled laminated
composites subjected to the standardized end-notched flexure test described in the ASTM D7905 Standard.
Finite element results indicated that the assumptions of the uniform distribution of the mode II SERR along
delamination front typical for unidirectional laminates were no longer valid for the general ply-angle lami-
nates. The strongest deviations of the GII distributions were observed for the laminated beam models exhibiting
simultaneous bending–extension/extension–twisting/shearing–bending coupling. Apart from numerical sim-
ulations, many researchers conducted experimental determination of the mode II interlaminar fracture of
multidirectional composite laminates. Ozdil et al. [21] prepared the ENF tests on unidirectional and angle-ply
E-glass/polyester specimens and revealed that the fracture toughness increased with increased angle θ at the
±θ interface. This is attributed to the fracture work associated with debonding of transversely oriented fiber
bundles in the quasi-unidirectional plies. Moreover, post-fracture examination of the specimens revealed devi-
ations of the crack front form its initial straight shape in all specimens as a result of elastic coupling effects
in the laminate beams. Pereira et al. [22] prepared experimental study on the mode II fracture toughness of
carbon/epoxy multidirectional laminates with delamination interfaces 0◦//0◦, θ//θ and 0◦//θ . Experimental
results obtained for the ENF test revealed that GIIC values increased with the ply angle θ for both θ// − θ and
0//θ specimens. Similar conclusions were drawn in [23] where glass/epoxy multidirectional laminates were
subjected to the end-notched flexure test.

Although the ENF test is a widely used technique to study the mode II fracture, it suffers from a limited
number of reliable and precise data about crack propagation and process zone phenomena. Actually, the
difficulties in monitoring crack propagation and the fiber bridging phenomena often limit the mode II test to
the measurement of initiation toughness values. Moreover, the lack of crack opening and the particularly large
fracture process zone (FPZ) associated with the mode II delamination pose additional problem in defining
the crack tip position during the test. Therefore, a so-called the compliance-based beam method (CBBM)
[24,25] has been proposed to overcome those difficulties and to take into account the effect of the FPZ on the
GIIC values. The main idea of this method was to use the beam theory to obtain the equation that relates the
current compliance and the crack length. This equation can be used to estimate the equivalent crack length as a
function of current compliance. The standardized test methods based on visual crack length monitoring show
differences in determination of the fracture toughness because they mainly depend on the measurements of
the crack length and a well-defined crack tip does not exist when testing laminates under the mode II loadings.
Therefore, they are not reliable for measuring the fracture toughness. On the contrary, methods that are not
based on a direct measurement of the crack length such as the CBBM, results in small differences between the
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different test typologies and materials. Even though the CBBM is based on linear elastic fracture mechanics
(LEFM) it rely on calculating an equivalent crack length that somehow takes into account the FPZ length. This
is why the CBBM results show better agreement with an experiment.

In practice, determination of the interlaminar fracture resistance may be a challenge when elastic couplings
occurred in laminate. Therefore, in this situation the question of author of this paper is, whether the standardized
test methods of determination of the mode II fracture toughness—elaborated for the unidirectional (UD)
composites with the respective data reduction schemes are still valid.

In the present work an experimental determination of the mode II fracture toughness of carbon/epoxy
composite laminates with elastic couplings was prepared. Critical strain energy release rates were obtained
both for the classical data reduction schemes and for the method based on equivalent crack concept (compliance-
based beam method). Recognition of delamination initiation was supported by the acoustic emission technique.
Delamination surface of coupled laminates after the ENF tests were investigated by using SEM analysis.
Novelty in the present article is an experimental evaluation of the influence of elastic couplings phenomena on
delamination process and fracture toughness of the carbon/epoxy composite laminates subjected to the mode
II end-notched standardized test.

2 Elastic coupling phenomena

The response of laminate beams subjected to the ENF test may be examined by using the laminate constitutive
equations according to the classical laminate theory (CLT)
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where N and M are the force and moment resultants, ε0 and ̹0 are the mid-plane strains and curvatures and
A, B and D are the extensional, the coupling and the bending stiffness matrices, respectively, and are defined
as follows:
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Here, i , j = 1 . . . 6, zk is the distance from laminate mid-plane to the top of the kth ply, zc
k is the kth ply

center of gravity location parameter counting from the neutral plane, tk is the kth ply thickness and Q̄i j stands
for the transformed reduced stiffness matrix.

Laminate behavior under the mode II loading is dependent on the components of each of the coupling B and
the bending D stiffness matrices. Namely, for the bending–twisting (BT) coupled laminate with [θ/0/θ/θ/0/−

θ/0/ − θ/ − θ/ − θ/ − θ/0/ − θ/θ/0/0/θ/θ ] ply sequence the forms of each of the B and the D matrices are
as follows:

[B] =

⎡

⎣

0 0 0
0 0 0
0 0 0

⎤

⎦ , [D] =

⎡

⎣

D11 D12 D16

D21 D22 D26

D16 D26 D66

⎤

⎦ (5)

whereas, for the bending–extension (BE) laminate with [θ/ − θ/0/ − θ/0/θ/90/θ/ − θ ] stacking sequence,
the coupling and the bending stiffness matrices were taken from:

[B] =

⎡

⎣

−B11 0 0
0 B22 0
0 0 0

⎤

⎦ , [D] =

⎡

⎣

D11 D12 0
D21 D22 0
0 0 D66

⎤

⎦ (6)

Application of bending moment Mx to the BT laminate produced twisting curvature around its central axis
which was caused by nonzero D16 term. In addition, the coupling matrix B was uncoupled which meant absence
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Table 1 Mechanical properties of carbon/epoxy

E1 (GPa) E2 (GPa) ν12 (–) G12 = G13 (GPa)

112.105 7.421 0.27 3.338

Table 2 Values of the non-dimenssional parameters Dc and Bt calculated for laminates with different delamination interfaces
and elastic couplings

Interface Dc Bt

30◦//30◦ 0.0048 6.12 × 10−5

45◦//45◦ 0.0048 4.75 × 10−5

60◦//60◦ 0.0048 2.10 × 10−5

30◦//−30◦ 0.0048 0
45◦//−45◦ 0.0048 0
60◦//−60◦ 0.0048 0
BT 0.2384 0.2363
BE 0.4089 0

of couplings between the bending moment and the mid-plane normal strains as well as between the twisting
moment and the mid-plane shear strains. Considering the BE laminate, a D16 component of the bending
stiffness matrix was equal zero which caused absence of twisting curvatures. Moreover, the sub-laminates
might experienced a mid-plane strain deformation in opposite directions caused by opposite signs of the B11

term for the laminate arms above and below the mid-plane.
To examine possibility of non-uniform crack extension the non-dimensional parameters Dc and Bt

(Eqs. 7, 8) [19] were calculated for the laminates with elastic couplings (BT and BE laminates) as well
as for the laminates with [0◦

18/θ//θ/0◦
18] and [0◦

16/θ// − θ/0◦
16] stacking sequences in which delamination

interfaces were respectively: θ//θ and θ// − θ where θ set angle was {30◦, 45◦, 60◦} . All calculations were
based on the measured quasi-unidirectional ply properties (Table 1) of carbon/epoxy composite and were done
by using MATLAB software environment. Obtained results of calculations were summarized in Table 2. Values
of the Dc parameter were constant for the specimens with interfaces θ//θ and θ//− θ and were equal 0.0048.
For the bending–twisting laminate value of this parameter reached 0.2384. Nevertheless, for all these layups,
however, Dc was below the upper limit of 0.25 as suggested by Davidson et. al in [26]. The bending–extension
laminate exhibited the greatest value of Dc equal 0.4089 indicating tendency for non-uniform crack extension.
The skewness parameter Bt reached the greatest value for the BT specimen (Bt = 0.2363), which indicating
in this case, that crack might propagated in a skewed manner. Although, for the multidirectional laminates
with θ//θ interface the non-dimensional parameter Bt was non-zero, its influence on delamination process
was insignificant. For the remaining layups the Bt values were equal zero.

Dc =
D2

12

D11 D22
(7)

Bt =
D16

D11
. (8)

3 Experimental work

3.1 Selection of the ENF specimens

In order to study the influence of elastic couplings on the mode II fracture toughness two different types of
specimens were subjected to the ENF test, namely elastic coupled laminates and multidirectional laminates.
In practical point of view, specimens with specific stacking sequences which induce the elastic coupling
phenomena are suspected to have the strongest negative effect on the conformity of the GIIC determination
experiment with the standardized procedure. Therefore, the ENF tests were performed on the bending–twisting
(BT) and the bending–extension (BE) coupled laminates exhibiting significantly high values of the parameters
Dc and Bt . In order to compare obtained results, considering the practical relevance and the results available in
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Table 3 Stacking sequences and interfaces of the ENF specimens

Multidirectional laminates (note: ‘//’ denotes position of initial delamination)

Specimen no. Stacking sequences Interface

ENF-1 0◦
16/30◦//30◦/0◦

16 30◦//30◦

ENF-2 0◦
16/45◦//45◦/0◦

16 45◦//45◦

ENF-3 0◦
16/60◦//60◦/0◦

16 60◦//60◦

ENF-4 0◦
16/30◦// − 30◦/0◦

16 30◦// − 30◦

ENF-5 0◦
16/45◦// − 45◦/0◦

16 45◦// − 45◦

ENF-6 0◦
16/60◦// − 60◦/0◦

16 60◦// − 60◦

Elastic coupled laminates

Specimen no. Stacking sequences (for one sub-laminate)

BT [45◦/0◦/45◦/45◦/0◦/ − 45◦/0◦/ − 45◦/ − 45◦/ −
45◦/ − 45◦/0◦/ − 45◦/45◦/0◦/0◦/45◦/45◦]

BE [45◦/ − 45◦/0◦/ − 45◦/0◦/45◦/90◦/45◦/ − 45◦]

Fig. 1 ENF test setup

the literature, it was also decided to test the multidirectional laminates with different delamination interfaces
in which specimen stacking sequences avoid excessive elastic couplings because of low values of the non-
dimensional parameters. All types of ENF specimens with different stacking sequences and interfaces were
designed and fabricated according to ASTM D7905 Standard and were listed in Table 3. The laminate material
was ThinPreg 736 LT carbon/epoxy composite prepreg. The average thickness of each lamina in the specimens
was 0.131 mm. Material properties were summarized in Table 1. The geometric dimensions of the specimens
were illustrated in Fig. 1, where 2h = 4.98 mm denotes the total thickness of the ENF specimen, B = 25 mm—
width of the specimen, 2L = 175 mm—distance between support rollers and a0 = 30 mm indicates the initial
crack length. A 0.013-mm-thick PTFE foil was inserted into the mid-plane of the laminates at one edge to
separate the whole laminate into two sub-laminates (two arms) and acted as an artificial delamination or starter
crack.

3.2 Test procedure

The end-notched flexure tests were carried out with the Shimadzu ASG-X universal tensile testing machine
equipped with 1 kN load cell and the three-point bending fixture (MTS 642.10B-3PB apparatus). All exper-
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iments were prepared according to the ASTM D7905 Standard. During the tests specimens were placed on
two support rollers with diameter d1 = 5 mm as it was shown in Fig. 1. Loading was realized by central roller
with diameter d2 = 10 mm. Twice a big diameter of loading roller was used in order to evade local damage by
indentation. Machine crosshead worked in compression direction with constant speed equal 1 mm/min in order
to induce the mode II fracture circumstances. Prior to any tests, a light coating of white paint was applied to the
specimen’s edges in order to facilitate the visual detection of delamination front. During the ENF experiment
the applied load P and the load displacement point δ were registered. Also delamination onset as well as all
propagation values were visually observed and marked on the specimens edges.

3.3 Identification of delamination onset

In the present study the interlaminar toughness was studied at crack initiation. Therefore, properly determination
of the initiation point played a vital role in determination of the GIIC. In the experiments led by the author
of the current paper the difficulties with precise determination of delamination onset point were experienced.
Knowledge of the actual value of the load corresponding to delamination onset is, however, of particular
importance while computing the mode II fracture toughness in accordance with the respective standardized
methods. Any uncertainty in experimental identification of the fracture onset load can lead to generating the
inaccurate results in the GIIC calculations. However, the identification of the crack initiation point remains
ambiguous, since the formation of the large FPZ often causes considerable nonlinearity before the peak load.
The corresponding point called (NL) is not always easy to identify and remains subjective because of it
may arise from geometrical effects. Therefore, the ASTM D7905 Standard for the ENF test only retains the
maximum load point (Pmax) as a crack initiation criterion. However, the NL point is a well-known standard
initiation in fracture tests and thus is likely to remain in use. Furthermore, it can be argued that the damage
energy accumulated between the NL and Pmax points may be relevant for some design applications, e.g., by
promoting interply cracking and fatigue failure modes. Therefore, it is prudent to have a definition more closely
related to physical events and for that purpose the acoustic emission recordings were made. The point called AE

corresponded to the first rapid increase of cumulative counts of the acoustic emission signal recorded during
the test and was taken into account as definition of delamination onset.

3.4 Acoustic emission technique

Owing to experienced difficulties in defining the exact crack initiation moment and the respective point at the
experimentally obtained load–displacement curves the acoustic emission equipment was used as an additional
data source. The piezoelectric AE (Fujicera 1045S, max. 1.3 MHz) sensor was embedded on top surface of
the specimen in 20 mm ahead of the specimen end edges. The load signal indicated by Shimadzu ASG-X was
split and sent to AE system in real time. Elastic waves of AE signal were registered continuously at a 10-MHz
sampling rate by using AMSY-5 acoustic emission acquisition system consisting of pre-amplifier (AEP-4,
34 dB of gain) and analog-to-digital (A/D) card (Vallen‘sASIP-2, sampling frequency 40 MHz resolution—18
bits, band width 1.6–2400 kHz). During the tests the number of events and the energy of the elastic waves were
registered.

Figures 2 and 3 present load and number of events (in the form of cumulative counts) versus time obtained
during the fracture toughness ENF tests prepared on composite coupled laminates. Researches revealed use-
fulness of the acoustic emission method in determination of delamination onset and—consequently—high
accuracy of the initial c-SERR determination. For both laminates delamination initiated explicitly before the
maximum point (Pmax) on the load versus time curve.

3.5 Data reduction method

3.5.1 Classical methods

In order to obtain the mode II critical strain energy release rate (c-SERR) two different data reduction schemes
described in the ASTM D7905 standard were used, namely: the direct beam theory (DBT) and the corrected
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Fig. 2 Load and cumulative count versus time for the laminate exhibiting the bending-extension coupling

Fig. 3 Load and cumulative count versus time for the laminate exhibiting the bending-twisting coupling

beam theory (CBT). For the first method, GIIC was determined from the following formula:

GIIC =
9a2 Pδ

2B(2L3 + 3a3)
(9)
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For the CBT method, the GIIC was determined as follows:

GIIC =
9a2 P2

16B2h3 E f

(10)

Here, E f is the axial modulus which was calculated according to Eq. (11) and C0 is the initial compliance
at a = a0, as determined from the experimental compliance procedure.

E f =
L3

4Bh3C0
(11)

3.5.2 Compliance based beam method (CBBM)

The previous methods (DBT, CBT) depend on accurate crack length measurements during propagation which
is not easy to perform. In fact, a fracture process zone develops ahead of crack tip in consequence of multiple
microcracks and plastification. This phenomenon renders difficult the identification of the crack tip localization.
The method proposed by de Moura [27] described in this section takes into account these features and is named
the compliance-based beam method (CBBM). This method is based on Timoshenko beam theory which predicts
the ENF specimen compliance as

C =
3a3 + 2L3

8Bh3 E1
+

3L

10BhG13
(12)

where E1, G13 designate the longitudinal and shear elastic moduli, respectively. Remaining geometric param-
eters were identified in Fig. 1. The initial compliance C0 and crack length a0 can be used to determine a
corrected flexural modulus.

E f =
3a3

0 + 2L3

8Bh3

(

C0 −
3L

10BhG13

)−1

. (13)

In order to account for several features that are not included in beam theory (e.g., stress concentration at
the crack tip or root rotation effects) the experimental compliance C is used to determine an effective crack
length ae by means of Eqs. (12) and (13),

ae =

[

Cc

C0C

a3
0 +

2

3

(

Cc

C0C

− 1

)

L3

]
1
3

(14)

where

CC = C −
3L

10BhG13
; C0C = C0 −

3L

10BhG13
. (15)

Therefore, combining equations (12) with the Irwin–Kies equation,

GIIC =
P2

2B

dC

da
(16)

yields

GIIC =
9P2a2

e

16B2h3 E f

. (17)
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Fig. 4 Mode II fracture toughness obtained for laminates with θ//θ delamination interface by using different calculation methods

Fig. 5 Mode II fracture toughness obtained for laminates with θ// − θ delamination interface by using different calculation
methods

4 Results and discussion

Figures 4 and 5 present results of calculations of the mode II fracture toughness of multidirectional laminates
with different ply orientation angles at delamination plane. For specimens with θ//θ interface the critical strain
energy release rate increased with growth of θ angle. Namely, the c-SERR values obtained by using the corrected
beam theory were respectively 0.686 N/mm for specimen with 30◦//30◦ interface, 0.872 N/mm for 45◦//45◦
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Fig. 6 Mode II fracture toughness obtained for laminates with the bending–twisting and the bending–extension couplings by
using different calculation methods

interface and 1.254 N/mm for 60◦//60◦ interface. Results obtained by using the direct beam theory and the
corrected beam theory were on similar level. The greatest discrepancies between values of the GIIC calculated
by using those methods were obtained for the 60◦//60◦ specimen. Opposite situation was observed for the
θ//− θ composite laminates. For those laminates, the critical strain energy release rate decreased with growth
of θ angle reaching maximum value equal 1.021 N/mm for specimen with 30◦//− 30◦ delamination interface
and minimum value GIIC = 0.465 N/mm for 60◦// − 60◦ specimen. Laminate with interface 45◦// − 45◦

exhibited value of the c-SERR equal 0.582 N/mm. Moreover, in the case of specimen with θ// − θ interfaces
results obtained by using different standardized methods were also on similar level. Nevertheless, fracture
toughness calculated by using the compliance-based beam method for all multidirectional specimens gave
greater values than results obtained by using the classical data reduction schemes. Globally, those differences
could be explained by the effect of the fracture process zone. In fact, the CBT method does not account for
this damaged region which influences the compliance. Direct beam theory is expected to give more precise
results in this point of view because it includes P and δ in its equation instead of load alone. On the other hand,
the compliance-based beam method captures the effect of FPZ and thus yields much more accurate toughness
values.

Values of the critical strain energy release rate obtained for specimens with the bending-twisting and the
bending–extension couplings were presented in Fig. 6. Comparing the results obtained by using the standardized
data reduction methods the greatest values of the c-SERR were obtained for the BE specimen and were equal
0.746 N/mm (for the CBT method) and 0.735 (for the DBT method). For the BT laminate the fracture toughness
values were equal 0.582 N/mm and 0.594 N/mm for the corrected beam theory and the direct beam theory,
respectively. In this case, results obtained by using the compliance-based beam method were much more
greater and reached maximum equal 1.052 N/mm for the bending–extension laminate and minimum equal
0.934 N/mm for the bending–twisting laminate. Considerable discrepancies between results obtained from
the classical methods and the method based on equivalent crack concept might be caused by larger fracture
process zone which resulted from the mode II circumstances and presence of elastic couplings. Moreover,
non-zero components in the matrices the B and D might influenced arising shearing deformation and twisting
curvatures at delamination front which might caused errors in the mode II fracture toughness measurements,
even if accurate observations of the crack positions were achieved. Influence of elastic couplings on behavior
of the bending–extension laminate subjected to the ENF test was presented in Fig. 7 where transverse shearing
of sub-laminates was observed. Although this phenomena was observable only for large deflection it could
influence on the fracture toughness at delamination initiation.
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Fig. 7 Transverse shearing effect observed for the bending–extension laminate subjected to the ENF test

Fig. 8 Delamination surfaces of the bending–extension and the bending–twisting specimens after the ENF tests

Figure 8 shows the comparison of scanning electron microscope (SEM) photographs of fracture surfaces
after the ENF tests for the bending–extension and the bending–twisting laminates. The investigation showed the
mode II-dominated shear fracture for all tested laminates. In addition, for both specimens delamination surfaces
exhibited a very rough fracture plane with the characteristic hackles attributed to the mode II delamination which
were created by coalescence of numerous, small, tensile microcracks that formed between the fibers under the
shear loading. The hackles were quite varied over the fracture surfaces on the BE and BT specimens which
could be caused by the actual percentage of the local mode I versus mode II or mode III load conditions, the
amount of resin between the fibers and the orientation of those fibers. Smooth fracture surface observed on the
BE laminate delamination plane was dominated by matrix failure. For the specimen with the bending–twisting
coupling some evidence of the mode I tension fracture could be seen. It might be caused by D16 component
of the bending stiffness matrix which produced twisting curvature around central axis and—in consequence
tensile load contribution. On the other hand, non-zero components in the coupling stiffness matrix for the
bending–extension laminate caused shearing deformation which was shown in Fig. 7. Moreover, the hackles
observed on delamination plane of the BE specimen were perpendicular to the fibers and not to the crack
propagation direction. This would suggest a presence of the local mode III fracture component. The strain
energy release rates obtained during the experiments were slightly greater for the bending–extension specimen
than for the bending–twisting laminate. It could be explained by contribution of the mode III that correlated
with greater fracture toughness energy and showed material’s ability to absorb more energy under the mode II
loading. Although some fibers breakage were observed, its contribution to the total fracture work was deemed
minor. Moreover, for all coupled specimens an interlaminar delamination was observed which was desirable
in the experimental point of view.
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5 Conclusions

Experimental ENF tests were prepared according to the ASTM D7905 Standard on multidirectional lami-
nates with different delamination interfaces and laminates exhibiting the bending–extension and the bending–
twisting elastic couplings. Critical strain energy release rates were calculated by using standardized data
reduction methods and the compliance-based beam method. Results showed that the fracture toughness values
obtained for the classical data reduction schemes were lower than for the CBBM method. It might be explained
by effect of the fracture process zone. In fact, even if accurate observations of the crack position were achieved
the corrected beam theory and the direct beam theory fail to take into account the FPZ. Moreover, elastic
coupling phenomena can introduce errors in the mode II strain energy release rate determination. The non-
zero terms in the coupling stiffness matrix caused transverse shearing of the BE laminate. In addition, elastic
coupling phenomena influenced on curved delamination front which was subsequent source of errors during
experimental determination of the critical strain energy release rate. Fractographic analysis prepared after the
ENF tests on coupled laminates confirmed contribution of the opening mode I and the transverse mode III
components during delamination process.

The acoustic emission method turned out to be a very helpful technique in recognizing delamination
initiation. The AE point corresponding to the first sharp growth of cumulative count was taken into account as
delamination onset. Moreover, the AE investigations revealed that delamination initiated before the maximum
point on the load–displacement plot without any observable crack propagation. Thus, effect of the fracture
process zone was confirmed.

To sum up, applicability of the end-notched flexure test to carbon/epoxy composite laminates exhibiting
elastic couplings can be prepared in the case of measurements of the total fracture toughness. The acoustic
emission technique and additional data reduction method allowed to precise determination of the total delam-
ination resistance of laminates subjected to the bending load. On the other hand, percentage contribution of
the opening mode I and transverse shear mode III in the ENF test should be recognized by using an additional
method, i.e., numerical analysis, when pure mode II is determined.
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