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Abstract: Dependence of the initiation values of the Strain Energy Release Rate, GCi, on the orien-
tation of the reinforcement direction α relative to the delamination front was investigated for two
laminates of different interfacial ply arrangements. In the case of the first laminate, the delamination
was located at the interface of the layers reinforced with symmetric fabric and unidirectional fabric.
In the case of the second laminate, the delamination was located at the interface of layers reinforced
with symmetric fabric. In both laminates, the orientation of fibers in the layers separated by the
delamination differed by 45◦ regarding the warp directions. The investigations were carried out for
Mode I, Mode II, and Mixed-Mode I/II (GII/GI = 1 and GII/GI = 1.7) loadings using hybrid beam
specimens. The major problem appearing in the intended tests was the inevitable lack of symmetry
in the xz and xy planes of the specimens and the resulting deformation and stress–strain couplings,
causing undesired loading modes. To decrease these couplings, especially designed hybrid beam
specimens were used. An auxiliary finite element analysis was performed to assess the remaining
effects of the reduced couplings. To ascertain whether statistically significant differences between
Gci values for different α occurred, the one-way analysis of variance supplemented by Levene’s
test was carried out. The dependence of Gci on α was found out for both laminates. However,
it was not equally strong, and it turned out that the loading mode and the interfacial ply were
arrangement sensitive.

Keywords: reinforcement orientation; delamination resistance; fabric reinforcement

1. Introduction

Damage tolerance design accounts for already existing structural defects, e.g., delami-
nations, which are widespread laminate defects, as shown in Figure 1. Fracture mechanic
tools can be applied to characterize the growth initiation and growth of such defects.
Researchers can use (a) the critical value of the Strain Energy Release Rate (SERR), Gc,
to determine the initiation of delaminations growth, and (b) the Paris law to assess the
delamination growth rate. A typical laminate comprises a certain number of unidirec-
tionally reinforced layers rotated relative to each other by θ to meet strength and stiffness
requirements. The interfaces between the layers that differ by reinforcement orientation are
particularly prone to delamination propagation. Therefore, the dependence of GC on θ was
broadly investigated, but mainly for laminates reinforced with unidirectional (UD) tapes.
In [1], delamination resistance was investigated under Mode I, Mode II, and Mixed-Mode
I/II (20% and 57% of Mode I) loadings for delaminations for 0◦//0◦, 22.5◦//−22.5◦, and
45◦//−45◦ interfaces, and in [2] under Mode I and Mode II for 0◦//0◦, 30◦//−30◦, and
60◦//−60◦ interfaces, and in [3,4] under Mode I and Mode II for 0◦//0◦, 30◦//−30◦, and
45◦/−45◦ interfaces. Mode I delamination resistance was also investigated at 0◦//0◦,
15◦//15◦, and 30◦//30◦ interfaces [5]. In [6], resistance against delamination was inves-
tigated for 0◦//0◦, 0◦//45◦, and 0◦//90◦ interfaces under Mode I, and in [7] for 0◦//0◦,
0◦//22.5◦, 0◦//45◦, 0◦//67.5◦, and for 0◦//90◦ under Mode II. In [8], resistance against
delamination under Mixed-Mode loading (GII = 34%, 85%) was investigated for 0◦//0◦,
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0◦//22.5◦, 0◦//45◦, and 0◦//90◦ interfaces. More recent results of similar investigations
can be found, e.g., in [9–18], and in [19–22] where also R-curves were of interest.
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Figure 1. Delaminations: (a) white spots indicate the disbonds of the adjacent reinforcement layers 
which can buckle under compressive loading and propagate; (b) cross-section in the xz plane of an 
embedded buckling circular delamination under compressive loading. 

The vast number of published papers focused on a particular delamination process 
in which a bisector of θ, (θ = θ1+ θ2), as shown in Figure 2, was perpendicular to a straight 
delamination front, e.g., [1–4]. In such a case, θ1 could be considered as an angle of rein-
forcement below and θ2 above the delamination plane, as shown in Figure 2. These angles 
define the interfacial ply orientations (IPO) θ. Delaminations of curvilinear fronts, e.g., 
embedded buckling ones, as shown in Figure 1, are of more practical significance than 
straight front delaminations because the former occurs in composite structures of practical 
use. In the case of such delaminations, the reinforcement direction relative to the direction 
of the delamination front, α, varies along the front, as shown in Figure 3, while the IPO 
remains unchanged. To the best of the author’s knowledge, papers dealing with such de-
lamination processes are seldom, despite their practical importance. The only ones known 
to the author are [23,24]. Unfortunately, the mentioned papers consider UD tape reinforce-
ment only. 

Due to economic reasons, an application of fabric reinforcement is equally common 
as UD tapes because the former allows for a less laborious layup. A typical fabric rein-
forced laminate comprises a certain number of UD and symmetric fabrics or symmetric 
fabrics only, which are rotated relative to each other by θ = 45°. (In the case of fabric rein-
forcement, θ is the angle between the warps of the adjacent fabrics.) This research con-
cerns resistance against delamination growth of such laminates and focuses on the Gci(α) 
relationship. 

Figure 1. Delaminations: (a) white spots indicate the disbonds of the adjacent reinforcement layers
which can buckle under compressive loading and propagate; (b) cross-section in the xz plane of an
embedded buckling circular delamination under compressive loading.

The vast number of published papers focused on a particular delamination process in
which a bisector of θ, (θ = θ1+ θ2), as shown in Figure 2, was perpendicular to a straight
delamination front, e.g., [1–4]. In such a case, θ1 could be considered as an angle of
reinforcement below and θ2 above the delamination plane, as shown in Figure 2. These
angles define the interfacial ply orientations (IPO) θ. Delaminations of curvilinear fronts,
e.g., embedded buckling ones, as shown in Figure 1, are of more practical significance
than straight front delaminations because the former occurs in composite structures of
practical use. In the case of such delaminations, the reinforcement direction relative to the
direction of the delamination front, α, varies along the front, as shown in Figure 3, while
the IPO remains unchanged. To the best of the author’s knowledge, papers dealing with
such delamination processes are seldom, despite their practical importance. The only ones
known to the author are [23,24]. Unfortunately, the mentioned papers consider UD tape
reinforcement only.
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Figure 2. Arrangement of the reinforcement in the adjacent layers undergoing separation due to 
the delamination propagation. Relative orientation θ = θ1 + θ2 (θ1 = θ2) is referred to as interfacial 
ply orientation. Angles θ1 and θ2 can be measured relative to the specimen x-axis. The θ1 can be 
considered as an angle of reinforcement below the delamination plane, and θ2 can be considered 
as an angle of reinforcement above the delamination plane. 

  

Figure 2. Arrangement of the reinforcement in the adjacent layers undergoing separation due to
the delamination propagation. Relative orientation θ = θ1 + θ2 (θ1 = θ2) is referred to as interfacial
ply orientation. Angles θ1 and θ2 can be measured relative to the specimen x-axis. The θ1 can be
considered as an angle of reinforcement below the delamination plane, and θ2 can be considered as
an angle of reinforcement above the delamination plane.
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erance design must be supported by various numerical analyses. If a delamination growth 
is of interest, two pieces of information are needed. These are (a) initiation value of the 
Strain Energy Release Rate Gci(α) relationship and (b) propagation rate da/dn (n, α), which 
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is crucial and must be obtained in the first place. Furthermore, despite this need, there are 
few papers with public access concerning the Gci(α) relationship. 
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Numerical analysis concerning the distribution of the SERR components along a 
front of embedded buckling delamination [25] shows that Mode I and Mode II loadings 
prevail, while Mode III loading can be neglected. Therefore, the presented work was fo-
cused on the Gci(α) relationship for Mode I, Mode II, and Mixed-Mode I/II loadings only. 
This relationship was investigated experimentally, taking to a large extent advantage of 
the concepts presented in ASTM D5528, D7905, and D6671 standards [26–28]; i.e., beam 
specimens were used. However, the actual design of the specimens (excluding the overall 
specimen dimensions) and the details of the data reduction procedures differed from that 
recommended by the mentioned standards. 

Two laminates designated A and B were considered, as shown in Figure 4. Laminate 
A was composed of UD and symmetric fabric (2 × 2 twill), and θ = 45°. Laminate B was 
composed of symmetric fabrics only, but as in the previous case, θ = 45°. The laminates 
were tested for Ψ = 0° (Mode I), Ψ = 30°, 60° (Mixed Mode I/II), and for Ψ = 90° (Mode II) 
where Ψ was the phase angle (1). 

Ψ = atanඨG୍୍G୍  (1)

The test results showed that the variation in α exerted a statistically significant effect 
on the initiation values of the SERR, Gci, for both the laminates. 

2. Materials and Methods 
2.1. Materials 

The considered laminates were reinforced with four layers of glass fiber fabric, (sup-
plied by the Havel Composites PL). The fabrics were impregnated with Ep53/Z1 epoxy 
resin-hardener system, (the resin over hardener mass ratio was 10/1), supplied by the 
Sarzyna Chemicals. Glass fabrics were chosen for a practical reason. Such reinforcement 

Figure 3. Variation of the reinforcement orientation relative to the front of buckling circular delamination.

Due to economic reasons, an application of fabric reinforcement is equally common as
UD tapes because the former allows for a less laborious layup. A typical fabric reinforced
laminate comprises a certain number of UD and symmetric fabrics or symmetric fabrics
only, which are rotated relative to each other by θ = 45◦. (In the case of fabric reinforcement,
θ is the angle between the warps of the adjacent fabrics.) This research concerns resistance
against delamination growth of such laminates and focuses on the Gci(α) relationship.

The reason for undertaking this research was the following. Very often, damage
tolerance design must be supported by various numerical analyses. If a delamination
growth is of interest, two pieces of information are needed. These are (a) initiation value
of the Strain Energy Release Rate Gci(α) relationship and (b) propagation rate da/dn (n,
α), which can be described by the Paris law. The presented research concerns the former
because it is crucial and must be obtained in the first place. Furthermore, despite this need,
there are few papers with public access concerning the Gci(α) relationship.

Numerical analysis concerning the distribution of the SERR components along a
front of embedded buckling delamination [25] shows that Mode I and Mode II loadings
prevail, while Mode III loading can be neglected. Therefore, the presented work was
focused on the Gci(α) relationship for Mode I, Mode II, and Mixed-Mode I/II loadings only.
This relationship was investigated experimentally, taking to a large extent advantage of
the concepts presented in ASTM D5528, D7905, and D6671 standards [26–28]; i.e., beam
specimens were used. However, the actual design of the specimens (excluding the overall
specimen dimensions) and the details of the data reduction procedures differed from that
recommended by the mentioned standards.

Two laminates designated A and B were considered, as shown in Figure 4. Laminate
A was composed of UD and symmetric fabric (2 × 2 twill), and θ = 45◦. Laminate B was
composed of symmetric fabrics only, but as in the previous case, θ = 45◦. The laminates
were tested for Ψ = 0◦ (Mode I), Ψ = 30◦, 60◦ (Mixed Mode I/II), and for Ψ = 90◦ (Mode II)
where Ψ was the phase angle (1).

Ψ = atan

√
GII

GI
(1)

The test results showed that the variation in α exerted a statistically significant effect
on the initiation values of the SERR, Gci, for both the laminates.
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2. Materials and Methods
2.1. Materials

The considered laminates were reinforced with four layers of glass fiber fabric, (sup-
plied by the Havel Composites PL). The fabrics were impregnated with Ep53/Z1 epoxy
resin-hardener system, (the resin over hardener mass ratio was 10/1), supplied by the
Sarzyna Chemicals. Glass fabrics were chosen for a practical reason. Such reinforcement is
still very common and broadly used in the case of hand wet layup. Furthermore, manufac-
turing flaws such as disbonds (Figure 1) are often created if such a manufacturing process
is applied and can result in delamination propagation.

The laminates were composed of four layers. Two inner layers were essential and
needed to create the desired IPO. Two external layers were added for manufacturing
reasons to facilitate the adhesive bonding of the inner layers to the metal facings. The
applied reinforcement layups were as follows (Figure 4):

Laminate A
(0–90)/(0–90)rot//(0)/(0–90)
Laminate B
(0–90)/(0–90)rot//(0–90)/0–90),
where (0–90) stands for symmetric fabric, (0–90)rot stands for the same fabric but

rotated by 45◦ relative to the previous one; (0) stands for unidirectional fabric, and “//”
indicates the delamination locations. Table 1 shows the relevant mechanical properties of
the materials used for manufacturing the specimens.

Table 1. Mechanical properties of the materials (laminates and backing metal sheet) used for manufacturing the specimens.

Material E11
N/mm2

E22
N/mm2

G12
N/mm2 ν12

Laminate reinforced with Interglas 92125 23,000 * 23,000 * 4200 ** 0.13 *

Laminate reinforced with Interglas 92145 32,000 * 8400 * 3500 ** 0.33 *

Al 2024 ta E11 = E22 = E = 72,000 27,700 0.3

* in-home tests carried out following ASTM D3039 standard. ** in-home tests carried out following ASTM D3518 standard.
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2.2. Method

The modified, hybrid beam specimens were used to determine Gci values for Mode I,
Mode II, and Mixed-Mode I/II loadings. The overall dimensions and the design of the
specimens are shown in Figure 4. For each combination of Ψ and α, eight specimens
were tested.

2.2.1. Issue of the Specimen Design

The major problem appearing in the intended tests and the beam specimens that had
to be used was the inevitable lack of symmetry in xz and xy planes of the specimens and
resulting deformation and stress–strain couplings, causing undesired loading modes. For
example, in the case of DCB (Mode I) tests, the lack of symmetry in the xy plane results
in an unwanted Mode II loading component, and the lack of symmetry in the xz plane
results in coupling between normal stress and shear strain, inducing a Mode III component.
One should notice that for the ENF test, a pure Mode II condition never occurs over the
whole front length, even if specimens are perfectly symmetric, since the GIII component
is always present next to the sides of a beam. Unfortunately, the complete removal of the
mentioned couplings is not possible. Nevertheless, they can be reduced by modifying
the design of the specimen, e.g., by making the investigated laminates thin and backing
them with much thicker and stiffer isotropic metal strips, as shown in Figure 4 [23] or by
selecting a particular layup design resulting in a quasi-isotropic laminate [9,29]. In the case
of the presented research, the former was chosen because the latter would result in too
high specimen stiffness due to the large number of reinforcement layers needed to produce
sufficiently quasi-isotropic laminate; furthermore, the fabrication of such specimens would
be more laborious.

Analysis of Coupling Coefficients

The general procedure leading to the reduction of the mentioned couplings is a
reduction of the Dc (2) and Bt (3) coefficients [30,31].

Dc =
D2

12
D11D22

(2)

Bt =
D16

D11
(3)

In (2) and (3), the D11, D22, D12, and D16 are components of the bending stiffness
matrix, and their indexing follows generally accepted convention used, e.g., in [32].

It was suggested in [33] that Dc should be not higher than 0.25 and the acceptable
of Bt ≤ 0.0315. The Dc and Bt values obtained for the specimens used in the presented
research are shown in Figure 5 and were lower than those in [33].

In addition, the hybrid beam specimens of all the considered reinforcement arrange-
ments were modeled using the ANSYS [34] commercial FE code to assess more precisely
the “residual” coupling effects in terms of “undesirable” loading mode components. The
ratios of the SERR components over the total value of the SERR were calculated for each
reinforcement arrangement prior to the testing. The Modified Crack Closure Integral
method [35] was used to determine the SERR components.
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KEYOPT(3) = 0). The SERR components were calculated using the Modified Crack Closure 
Integral (MCCI) method [35]. To calculate Px, Py, and Pz components of the forces needed 
to close the crack of length, Δa = 0.0625 mm, three COMBIN14 elements with the appro-
priate freedom degrees (KEYOPT(2) = 1,2,3) were used for each node located at a distance, 
Δa, from the crack tip. To prevent penetration of the delamination faces, the surface-to-
surface contact pair elements CONTA173 and TARGET170 were applied where necessary. 
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(Mode II model) to allow for out-of-plane deformation of the specimen branches. 

Boundary conditions: 
Mode I model (DCB test) 
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Figure 5. Dc and Bt coefficient calculated for the used hybrid beam specimens. (a,b) The lower
branches of the specimen representing Laminate A; (c,d) upper branches of the specimens represent-
ing Laminates A and B.

Finite Element Analysis of the Hybrid Specimens

To analyze the SERR components’ distributions, a 3D FE model was built using the
ANSYS commercial code [34]. The mesh design in the vicinity of the delamination front over
the laminate thickness, 2 h = 1 mm, is shown in Figure 6. The metal facings and laminate
were modeled with SOLID185 elements (Homogeneous Structural Solid, KEYOPT(3) = 0).
The SERR components were calculated using the Modified Crack Closure Integral (MCCI)
method [35]. To calculate Px, Py, and Pz components of the forces needed to close the
crack of length, ∆a = 0.0625 mm, three COMBIN14 elements with the appropriate freedom
degrees (KEYOPT(2) = 1,2,3) were used for each node located at a distance, ∆a, from the
crack tip. To prevent penetration of the delamination faces, the surface-to-surface contact
pair elements CONTA173 and TARGET170 were applied where necessary. In addition, the
same contact elements were applied at the roller–specimen interface (Mode II model) to
allow for out-of-plane deformation of the specimen branches.

Boundary conditions:
Mode I model (DCB test)
for the edge passing through points x = 0, y = ±b/2, z = h,
u = v = 0, w = 4 mm,
for the edge passing through points x = 0, y = ±b/2, z = -h
u = w = v = 0,
Mode II model (ENF test)
for x = L, y = −b/2, z = h,
v = 0
for the edge passing through points x = 2 L, y = ±b/2, z = -h
w = 0
for the edge passing through points x = L, y = ±b/2, z = h
u = 0, w = −3 mm
and for the roller all degrees of freedom were set to zero



Materials 2021, 14, 7367 7 of 18

Materials 2021, 14, 7367 7 of 22 
 

 

u = w = v = 0, 
Mode II model (ENF test) 
for x = L, y = −b/2, z = h, 
v = 0 
for the edge passing through points x = 2 L, y = ±b/2, z = -h 
w = 0 
for the edge passing through points x = L, y = ±b/2, z = h 
u = 0, w = −3 mm 
and for the roller all degrees of freedom were set to zero 

 

 
 

Figure 6. Modeled structures: (a) Mode I test; (b) Mode II test. Mesh design in the vicinity of the 
delamination front is shown in the xz plane. It was the same for both models. The h dimension 
represents the thickness of two reinforcement layers. 

2.2.2. Specimen Manufacturing 
First, 2.5 mm thick, 260 × 150 mm 2024 ta Al alloy plates were chemically cleaned 

using the pickling process. Next, one side of each plate was covered with BWF primer and 
cured. The fabrics were stacked and impregnated at the primer-treated surface of one of 
the metal plates using the wet layup manufacturing technique and then covered with the 
other metal plate. To facilitate delamination propagation, crack starters made of 15 μm 
thick Teflon foil were inserted between the reinforcement layers that were to be delami-
nated. 

Laminate A was reinforced with INTERGLAS 92125 (2 × 2 twill) and INTERGLAS 
92145 (UD) glass fabrics of areal weights 280 g/m2 and 220 g/m2, respectively, while Lam-
inate B was reinforced only with INTERGLAS 92125 fabric. The fabrics were impregnated 
with the EPIDIAN 53 and Z1 hardener epoxy resin system, which was cured at room tem-
perature to avoid thermal stress. The complete setups were vacuum cured at 20 °C for 6 

Figure 6. Modeled structures: (a) Mode I test; (b) Mode II test. Mesh design in the vicinity of the
delamination front is shown in the xz plane. It was the same for both models. The h dimension
represents the thickness of two reinforcement layers.

2.2.2. Specimen Manufacturing

First, 2.5 mm thick, 260 × 150 mm 2024 ta Al alloy plates were chemically cleaned
using the pickling process. Next, one side of each plate was covered with BWF primer and
cured. The fabrics were stacked and impregnated at the primer-treated surface of one of the
metal plates using the wet layup manufacturing technique and then covered with the other
metal plate. To facilitate delamination propagation, crack starters made of 15 µm thick
Teflon foil were inserted between the reinforcement layers that were to be delaminated.

Laminate A was reinforced with INTERGLAS 92125 (2 × 2 twill) and INTERGLAS
92145 (UD) glass fabrics of areal weights 280 g/m2 and 220 g/m2, respectively, while Lami-
nate B was reinforced only with INTERGLAS 92125 fabric. The fabrics were impregnated
with the EPIDIAN 53 and Z1 hardener epoxy resin system, which was cured at room
temperature to avoid thermal stress. The complete setups were vacuum cured at 20 ◦C for
6 h. The nominal fiber mass fraction was 0.5. Next, the plates were cut into 250 × 25 mm
specimens using a slitting saw. The hinges were glued to the metal facings with glue
suitable for curing at room temperature as well.

2.2.3. Testing

The loading schemes followed the ASTM D5528, D7905, and D6671 standards’ recom-
mendations and are depicted in Figure 7. The laminates were tested for Ψ = 0◦ (Mode I),
Ψ = 45◦, 71◦ (Mixed Mode I/II), and for Ψ = 90◦ (Mode II).
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because the sublaminates making the trunks and branches of the specimens were not sym-
metric, and A16 and A26 were not equal to 0; nevertheless, they were small. 

  

Figure 7. Loading schemes applied in the case of: (a) Mode I (ASTM D5528); (b) Mode II (ASTM
D7905); (c) Mixed-Mode I/II (ASTM D6671) tests.

The tests were carried out at room temperature under displacement-controlled condi-
tions. The crosshead speed was 5 mm/min for Mode I tests and 1 mm/min for Mode II
and Mixed-Mode I/II tests. The maximum load read from the load–displacement plots was
used for calculating Gci (subscript “i” stands for initiation). The simple beam theory was
applied for all calculations. For Mode I and Mode II loadings, Gci values were computed
using Equations (4) and (5), and for Mixed-Mode I/II loadings, Gci values were computed
using Equations (6) and (7). The average values of the data provided in Table 2 were used
to determine the correction factor χ. The values in this table were calculated for α = 0
according to the Classical Laminate Theory (CLT) and assumed to be effective moduli. One
should mention that these values were approximated ones in the sense of the CLT because
the sublaminates making the trunks and branches of the specimens were not symmetric,
and A16 and A26 were not equal to 0; nevertheless, they were small.

GIc =
3Pf
2Ba

(4)

GIIc =
9a2Pf

2B
(

2L3 + 3a2
) (5)

Gm
I =

12P2(3c− L)2

16B2h3L2EL
(a + χh)2 (6)

Gm
II =

9P2(3c + L)2

16B2h3L2EL
(a + 0.42χh)2 (7)

where (see Figure 6)
a—initial crack length;
B—specimen width;
c—lever arm;
EL—longitudinal modulus;
f—displacement of a loading point;
L—half of a specimen length;
P—load;
and

χ =

√√√√ EL

GLh

[
3− 2

(
Γ

1 + Γ

)2
]

Γ = 1.18
√

ELET

GLh
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where
ET—transverse modulus;
GLh—shear modulus in the plane parallel to the specimen thickness and length directions.

Table 2. Effective mechanical properties of specimens.
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3. Results 
3.1. Results of the FE Analysis 

The presented plots are limited to these corresponding to the most unfavorable val-
ues of α = αuf. The plots in Figures 8 and 9 present distributions of GII/GI and GIII/GI ratios 
for Mode I loading (DCB test) for Laminate A and Lamianta B, respectively. The plots in 
Figures 10 and 11 present distributions of GI/GII and GIII/GII ratios for Mode II loading 
(ENF test) for Laminate A and Laminate B, respectively. Under Mode I loading, for both 
laminates, the GII and GIII components were present. In the case of Laminate A, the maxi-
mum contribution of GII corresponded to αuf = 15° and the maximum contribution of GIII 
corresponded to αuf = 90°; see Figure 8. For Laminate B, the maximum contribution of GII 
corresponded to αuf = 15° and the maximum contribution of GIII corresponded to αuf = 0°, 
as shown in Figure 9. Under Mode II loading, components GI and GIII were present. For 
Laminate A, the maximum contribution of GI occurred for αuf = 0° and that of GIII occurred 
for αuf = 75°, as shown in Figure 10. For Laminate B, the maximum contribution of GI oc-
curred for αuf = 0° and of GIII for αuf = 15°, as shown in Figure 11. 

 

Ex
N/mm2 Ey N/mm2 Gxy N/mm2 νxy

Beam specimen encapsulating
Laminate A

Trunk 63,870 62,950 2400 0.3

Upper branch 59,930 59,930 2314 0.3

Lower branch 62,680 59,230 2200 0.29

Beam specimen encapsulating
Laminate B

Trunk 63,520 63,520 2403 0.3

Upper branch 59,930 59,930 2314 0.3

Lower branch 61,440 61,440 2214 0.28

average 61,895 61,167 2308 0.295

3. Results
3.1. Results of the FE Analysis

The presented plots are limited to these corresponding to the most unfavorable values
of α = αuf. The plots in Figures 8 and 9 present distributions of GII/GI and GIII/GI ratios
for Mode I loading (DCB test) for Laminate A and Lamianta B, respectively. The plots in
Figures 10 and 11 present distributions of GI/GII and GIII/GII ratios for Mode II loading
(ENF test) for Laminate A and Laminate B, respectively. Under Mode I loading, for both
laminates, the GII and GIII components were present. In the case of Laminate A, the
maximum contribution of GII corresponded to αuf = 15◦ and the maximum contribution of
GIII corresponded to αuf = 90◦; see Figure 8. For Laminate B, the maximum contribution
of GII corresponded to αuf = 15◦ and the maximum contribution of GIII corresponded
to αuf = 0◦, as shown in Figure 9. Under Mode II loading, components GI and GIII were
present. For Laminate A, the maximum contribution of GI occurred for αuf = 0◦ and that
of GIII occurred for αuf = 75◦, as shown in Figure 10. For Laminate B, the maximum
contribution of GI occurred for αuf = 0◦ and of GIII for αuf = 15◦, as shown in Figure 11.
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Figure 8. Mode I loading; (a) GII/GI (s) ratio and (b) GIII/GI ratio for Laminate A. 
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Figure 9. Mode I loading; (a) GII/GI (s) ratio and (b) GIII/GI (s) ratio for Laminate B. 
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Figure 10. Mode II loading; (a) GIII/GII (s) ratio and (b) GI/GII (s) ratio for Laminate A. 

  

Figure 10. Mode II loading; (a) GIII/GII (s) ratio and (b) GI/GII (s) ratio for Laminate A.
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Figure 11. Mode II loading; (a) GIII/GII (s) ratio and (b), GI/GII (s) for Laminate B. 

It could be noticed that under Mode I loading, for both laminates, the maximum val-
ues of the GII/GI and GIII/GI ratios were relatively high next to the specimen edges and 
equaled to 1.2 and 0.42 respectively (Figures 8 and 9). However, they dropped to zero at 
a very short distance from the edges. In the case Mode II loading for both laminates, the 
GI/GII and GIII/GII ratios (Figures 10 and 11) were lower than those of GII/GI and GIII/GI; 
however, for both laminates, the GIII component contributed to the total value of the SERR 
over a substantial part of the delamination front (Figures 10a and 11a). For Laminate A, 
the GI component was present over the entire length of the crack front, but the ratio of 
GI/GII was very low (Figure 10b). At the specimen edges, it reached 0.025 and sharply 
dropped to about 0.0025 for the remaining part of the delamination front. For Laminate B, 
the maximum value of GI/GII did not exceed 0.02 in the vicinity of the edges and decayed 
to zero over a short distance (Figure 11b). 

Similar analysis concerning Mixed-Mode I/II loading is presented in [14]. It was 
found out that for the analyzed mixite ratios, the “undesired” loading modes were also 
limited to small sections of the delamination fronts next to the specimen edges. 

3.2. Experimental Results 

Typical load–displacement plots corresponding to Mode I, Mode II, and Mixed-
Mode I/II (Ψ = 45° and 71°) loadings are shown in Figure 12. The most important experi-
mental results are presented in Figures 13 and 14 for Laminate A, and for Laminate B, they 
are presented in Figures 15 and 16. The whiskers limit extremes of the results of each test, 
the middle bars represent the mean values, and the boxes represent the standard devia-
tions. 

Figure 11. Mode II loading; (a) GIII/GII (s) ratio and (b), GI/GII (s) for Laminate B.

It could be noticed that under Mode I loading, for both laminates, the maximum
values of the GII/GI and GIII/GI ratios were relatively high next to the specimen edges and
equaled to 1.2 and 0.42 respectively (Figures 8 and 9). However, they dropped to zero at
a very short distance from the edges. In the case Mode II loading for both laminates, the
GI/GII and GIII/GII ratios (Figures 10 and 11) were lower than those of GII/GI and GIII/GI;
however, for both laminates, the GIII component contributed to the total value of the SERR
over a substantial part of the delamination front (Figures 10a and 11a). For Laminate A,
the GI component was present over the entire length of the crack front, but the ratio of
GI/GII was very low (Figure 10b). At the specimen edges, it reached 0.025 and sharply
dropped to about 0.0025 for the remaining part of the delamination front. For Laminate B,
the maximum value of GI/GII did not exceed 0.02 in the vicinity of the edges and decayed
to zero over a short distance (Figure 11b).
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Similar analysis concerning Mixed-Mode I/II loading is presented in [14]. It was
found out that for the analyzed mixite ratios, the “undesired” loading modes were also
limited to small sections of the delamination fronts next to the specimen edges.

3.2. Experimental Results

Typical load–displacement plots corresponding to Mode I, Mode II, and Mixed-Mode
I/II (Ψ = 45◦ and 71◦) loadings are shown in Figure 12. The most important experimental
results are presented in Figures 13 and 14 for Laminate A, and for Laminate B, they are
presented in Figures 15 and 16. The whiskers limit extremes of the results of each test, the
middle bars represent the mean values, and the boxes represent the standard deviations.
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Figure 12. Examples of typical load–displacement plots; (a) for Laminate A and (b) for Laminate B. 
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Figure 13. Gci values for Laminate A, for Ψ = 0° and Ψ = 45°. Statistically, a significant difference 
was detected for Ψ = 0°, for α = 0° vs. α = 90°; α = 15° vs. α = 60°; α = 30° vs. α = 75°; α = 30° vs. α = 
90°. The whiskers limit the extreme values, the middle bars represent the mean values, and the 
boxes represent the standard deviations. 

  

Figure 13. Gci values for Laminate A, for Ψ = 0◦ and Ψ = 45◦. Statistically, a significant difference
was detected for Ψ = 0◦, for α = 0◦ vs. α = 90◦; α = 15◦ vs. α = 60◦; α = 30◦ vs. α = 75◦; α = 30◦ vs.
α = 90◦. The whiskers limit the extreme values, the middle bars represent the mean values, and the
boxes represent the standard deviations.
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Figure 14. Gci values for Laminate A, for Ψ = 71° and Ψ = 90°. Statistically significant differences 
were detected for Ψ = 71°, for α = 0° vs. α = 75°; α = 75° vs. α = 90° and for Ψ = 90°, for α = 45° vs. α 
= 90°. The whiskers limit the extreme values, the middle bars represent the mean values, and the 
boxes represent the standard deviations. 

  

Figure 14. Gci values for Laminate A, for Ψ = 71◦ and Ψ = 90◦. Statistically significant differences
were detected for Ψ = 71◦, for α = 0◦ vs. α = 75◦; α = 75◦ vs. α = 90◦ and for Ψ = 90◦, for α = 45◦ vs.
α = 90◦. The whiskers limit the extreme values, the middle bars represent the mean values, and the
boxes represent the standard deviations.
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Figure 15. Gci values for Laminate B for Ψ = 0° and 45°. Statistically, a significant difference was 
detected for Ψ = 0°, for α = 0° vs. α = 22.5°. The whiskers limit the extreme values, the middle bars 
represent the mean values, and the boxes represent the standard deviations. 

  

Figure 15. Gci values for Laminate B for Ψ = 0◦ and 45◦. Statistically, a significant difference was
detected for Ψ = 0◦, for α = 0◦ vs. α = 22.5◦. The whiskers limit the extreme values, the middle bars
represent the mean values, and the boxes represent the standard deviations.
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Figure 16. Gci values SERR for Laminate B, for Ψ = 71°, and for 90°. The whiskers limit the ex-
treme values, the middle bars represent the mean values, and the boxes represent the standard 
deviations. Statistically significant differences were not detected. 

4. Discussion 
The results displayed large scatter, which made the interpretation of them difficult. 

For this reason, statistical analysis was carried out using a one-way ANOVA test to check 
whether the differences between the means (DBM) were of statistical significance. In ad-
dition, to discriminate among the means, the Fisher’s least significant difference (LSD) test 
was used [36]. Prior to ANOVA tests, the data were checked for normality applying the 
Shapiro–Wilk test [37]. It showed that the differences between the data samples and the 
normal distributions were not big enough to be statistically significant. Therefore, it was 
assumed that the data were normally distributed. Next, the data were tested for homoge-
neity of variances using Levene’s test [38]. The results showed that the null hypothesis of 
homogeneity of variance could be accepted. The results of Shapiro–Wilk and Levene’s 
tests allowed for running one-way ANOVA tests. In the case of the Fisher test, there was 
a 5.0% risk of calling each pair of means significantly different when the actual difference 
equaled 0. The dependence of Gci on α was found out for both laminates. However, it was 
not equally strong, and it turned out that it was the loading mode and the interfacial ply 
arrangement sensitive. Statistically significant differences detected in the case of Laminate 
A for Mode I, Mixed-Mode I/II, and Mode II loadings are given in Table 3. 

Table 3. Laminate A: statistically significant differences. 

 
Statistically significant differences detected in the case of Laminate B are given in 

Table 4. They occurred for Mode I and Mixed-Mode I/II loading for Ψ = 45° only. 

Table 4. Laminate B: statistically significant differences. 

Ψ αi vs. αj DBM LSD 
0° α = 0° vs. α = 22.5° 155 102 

45° (GII/GI = 1) α = 0° vs. α = 15° 52.4 52.3 

One could notice that for Laminate A and Mode I loading, Gic increased with α, while 
for Mode II loading, it decreased. For Laminate B and Mode I loading, Gic decreased with 

Figure 16. Gci values SERR for Laminate B, for Ψ = 71◦, and for 90◦. The whiskers limit the extreme
values, the middle bars represent the mean values, and the boxes represent the standard deviations.
Statistically significant differences were not detected.
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4. Discussion

The results displayed large scatter, which made the interpretation of them difficult.
For this reason, statistical analysis was carried out using a one-way ANOVA test to check
whether the differences between the means (DBM) were of statistical significance. In
addition, to discriminate among the means, the Fisher’s least significant difference (LSD)
test was used [36]. Prior to ANOVA tests, the data were checked for normality applying
the Shapiro–Wilk test [37]. It showed that the differences between the data samples and
the normal distributions were not big enough to be statistically significant. Therefore,
it was assumed that the data were normally distributed. Next, the data were tested
for homogeneity of variances using Levene’s test [38]. The results showed that the null
hypothesis of homogeneity of variance could be accepted. The results of Shapiro–Wilk
and Levene’s tests allowed for running one-way ANOVA tests. In the case of the Fisher
test, there was a 5.0% risk of calling each pair of means significantly different when the
actual difference equaled 0. The dependence of Gci on α was found out for both laminates.
However, it was not equally strong, and it turned out that it was the loading mode and
the interfacial ply arrangement sensitive. Statistically significant differences detected in
the case of Laminate A for Mode I, Mixed-Mode I/II, and Mode II loadings are given in
Table 3.

Table 3. Laminate A: statistically significant differences.

Ψ αi vs. αj DBM LSD

0◦

α = 0◦ vs. α = 60◦ 135 131

α = 0◦ vs. α = 75◦ 195 131

α = 0◦ vs. α = 90◦ 216 131

α = 15◦ vs. α = 45 ◦ 153 131

α = 15◦ vs. α = 60 ◦ 248 131

α = 15◦ vs. α = 75 ◦ 307 131

α = 15◦ vs. α = 90◦ 329 131

α = 30◦ vs. α = 60◦ 171 131

α = 30◦ vs. α = 75◦ 231 131

α = 30◦ vs. α = 90◦ 252 131

α = 45◦ vs. α = 75◦ 155 131

α = 45◦ vs. α = 90◦ 176 131

45◦

(GII/GI = 1)

α = 15◦ vs. α = 90◦ 94 78

α = 30◦ vs. α = 90◦ 98 78

α = 45◦ vs. α = 90◦ 101 78

α = 60◦ vs. α = 90◦ 112 78

α = 75◦ vs. α = 90◦ 105 78

71◦

(GII/GI = 1.7)

α = 0◦ vs. α = 75◦ 113 72

α = 15◦ vs. α = 75◦ 84 72

α = 30◦ vs. α = 75◦ 96 72

α = 45◦ vs. α = 75◦ 82 72

α = 60◦ vs. α = 90◦ 87 72

α = 75◦ vs. α = 90◦ 130 72
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Table 3. Cont.

Ψ αi vs. αj DBM LSD

90◦

α = 0◦ vs. α = 90◦ 146 130

α = 15◦ vs. α = 45◦ 152 130

α = 45◦ vs. α = 75◦ 147 130

α = 45◦ vs. α = 90◦ 208 130

α = 60◦ vs. α = 90◦ 180 130

Statistically significant differences detected in the case of Laminate B are given in
Table 4. They occurred for Mode I and Mixed-Mode I/II loading for Ψ = 45◦ only.

Table 4. Laminate B: statistically significant differences.

Ψ αi vs. αj DBM LSD

0◦ α = 0◦ vs. α = 22.5◦ 155 102
45◦ (GII/GI = 1) α = 0◦ vs. α = 15◦ 52.4 52.3

One could notice that for Laminate A and Mode I loading, Gic increased with α, while
for Mode II loading, it decreased. For Laminate B and Mode I loading, Gic decreased
with α, while for Mode II, it increased; however, it was found out that this increase was
statistically insignificant. The stronger dependence of Gci on α for Laminate A than for
Laminate B could be attributed to the less “isotropic” interfacial reinforcement arrangement
of the former.

Below, for comparison purposes, the results of the most relevant experimental works
that were found [10,23,24] regarding the presented research are shortly described. Unfor-
tunately, this comparison, as regards the research presented by the author, may have an
important shortcoming since papers [10,23,24] concern mainly laminates reinforced with
UD tapes and impregnated with different resins.

Although the investigations presented in [10] did not focus on the Gci vs. α rela-
tionship, in principle, one could find out certain information concerning the Gci vs. α

relationship. One could extract Gci for Mode I, for θ = 60◦ (θ1 = 30◦, θ2 =−30◦) and α = 30◦,
and for θ = 90◦ (θ1 = 45◦, θ2 = −45◦) and α = 45◦. In both cases, an increase in Gci with α

was reported. The dependence of Gci on α was also reported in [23] and [20] for α = 0◦,
15◦, 30◦, and 45◦. In [23], results were presented for Mode I and Mode II loadings, and
θ = 90◦ (θ1 = 45◦ and θ2 = −45◦). Under Mode I loading, a slight increase in Gci with α was
reported, while under Mode II loading, the relationship was opposed. In [24], results were
presented for Mode I and Mode II loadings, for θ = 45◦ (θ1 = 22.5◦, θ2 =−22.5◦) and θ = 90◦

(θ1 = 45◦, θ2 = −45◦). For θ = 45◦ and Mode I and Mode II loadings, the maximum values
of Gci were reported for α = 0◦ and α = 45◦. These values were the same for each loading
mode. For θ = 90◦, under Mode I loading, the Gci values initially decreased to reach the
minimum for α = 15◦ and then increased monotonically to reach the maximum for α = 45◦.
Under Mode II loading, Gci increased with α to reach the maximum for α = 30◦ and then
decreased. Based on the above, one can learn that the experimental results concerning the
Gci(α) relationship were not equivocal, and they differed from laminate to laminate. Re-
garding the results obtained by the author, one could learn that (i) loading modes affected
the Gci(α) relationship, and (ii) for all loading modes, the Gci(α) relationship was more
pronounced for the less “isotropic” interface (Laminate A) than for the more “isotropic”
one (Laminate B), as shown in Figure 17.
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Figure 17. The complex morphology of the delamination surface: (a) Laminate A and (b) Laminate 
B. 

In-depth investigation of the reasons for such a variation of Gic with α would require 
very extensive fractographic studies, being a problem all by itself. In the frame of the pre-
sented research, it was possible to perform only very limited fractographic investigations. 
The results showed high complexity of the delamination surface morphology, as shown 
in Figure 17. 

At higher magnification, one could notice that the penetration of the strands by the 
propagating delamination was limited to the most external fibers of strands and roughly 
followed the strands’ envelope, as shown in Figure 18, which was not planer. As a result 
of this, the Mixed-Mode conditions of various mode mixity, differing from the global ones, 
arose locally at the strand’s slopes. Due to characteristic fracture features [39,40] associ-
ated with a particular loading mode, one could detect the local presence of Mode I and 
Mode II loadings, as well as the presence of mixity of both loading modes. These local 
loading modes were associated with the local presence of manifold fracture mechanisms 
contributing to various degrees to the development of delamination. 

Figure 17. The complex morphology of the delamination surface: (a) Laminate A and (b) Laminate B.

In-depth investigation of the reasons for such a variation of Gic with α would require
very extensive fractographic studies, being a problem all by itself. In the frame of the pre-
sented research, it was possible to perform only very limited fractographic investigations.
The results showed high complexity of the delamination surface morphology, as shown in
Figure 17.

At higher magnification, one could notice that the penetration of the strands by the
propagating delamination was limited to the most external fibers of strands and roughly
followed the strands’ envelope, as shown in Figure 18, which was not planer. As a result
of this, the Mixed-Mode conditions of various mode mixity, differing from the global
ones, arose locally at the strand’s slopes. Due to characteristic fracture features [39,40]
associated with a particular loading mode, one could detect the local presence of Mode I
and Mode II loadings, as well as the presence of mixity of both loading modes. These local
loading modes were associated with the local presence of manifold fracture mechanisms
contributing to various degrees to the development of delamination.

Figure 19 provides some examples of these mechanisms. These include (i) a cohesive
fracture of the matrix between the strands and fibers resulting in a flat resin surface, which
was marked 1, or in resin cups, marked 2 and 4, (ii) the adhesive fracture at the fiber–matrix
interface resulting in a bare fiber surface, which was marked 3, and (iii) the fracture of
fibers, which was marked 5. (Detailed discussion of this issue can be found in [41] The
extent of each mechanism and its contribution to the delamination growth varied with
location and presumably with α, which would be responsible for the variation of Gic with
α. Unfortunately, very extensive fractographic investigations would be necessary to verify
this hypothesis, as was mentioned. Such studies were out of the scope of this research;
nevertheless, they shall be a topic of future investigations.
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Figure 18. A small number of broken fibers (pointed out by arrows) were located at the strand 
periphery, indicating that the delamination roughly followed the strands envelope and did not 
penetrate the strands: (a) Laminate A, (b) Laminate B. 
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of fibers, which was marked 5. (Detailed discussion of this issue can be found in [41] The 
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Figure 18. A small number of broken fibers (pointed out by arrows) were located at the strand
periphery, indicating that the delamination roughly followed the strands envelope and did not
penetrate the strands: (a) Laminate A, (b) Laminate B.
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Figure 19. Local fracture modes and associated fracture mechanisms: (1) flat resin fracture surface 
between fibers indicate local Mode I loading, (2) resin cups indicate Mode II loading, (3) region of 
the backward bent strand-bear fibers indicate Mode I loading, (4) region of the strand parallel to 
the left-hand strand-caps indicated local Mode II loading, (5) fractured fiber. 

5. Conclusions 
The dependence of Gci on α was investigated under Mode I, Mode II, and Mixed-

Mode I/II loadings for two different interfacial fiber arrangements. Delaminations were 
located at the interface of UD and symmetric fabrics (Laminate A) and at the interface of 
symmetric fabrics (Laminate B). Occurrence of the mentioned dependence was found out 
for both interfacial fiber arrangements; however, it was not equally strong. It was affected 
by the loading modes and the interfacial fiber arrangement. 
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Figure 19. Local fracture modes and associated fracture mechanisms: (1) flat resin fracture surface
between fibers indicate local Mode I loading, (2) resin cups indicate Mode II loading, (3) region of
the backward bent strand-bear fibers indicate Mode I loading, (4) region of the strand parallel to the
left-hand strand-caps indicated local Mode II loading, (5) fractured fiber.
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5. Conclusions

The dependence of Gci on α was investigated under Mode I, Mode II, and Mixed-
Mode I/II loadings for two different interfacial fiber arrangements. Delaminations were
located at the interface of UD and symmetric fabrics (Laminate A) and at the interface of
symmetric fabrics (Laminate B). Occurrence of the mentioned dependence was found out
for both interfacial fiber arrangements; however, it was not equally strong. It was affected
by the loading modes and the interfacial fiber arrangement.
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