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Growth stability analysis of embedded delaminations
with the use of FE node relocation procedure

and effective resistance curve concept

Embedded delamination growth stability was analysed with the help of the FEM
combined with a specially developed procedure for node relocation to obtain a smooth
variation of the SERR components along the delamination contour. The procedure
consisted in the replacement of the actual material with the very compliant fictitious
one and the displacement of the delamination front nodes by the previously determined
distance in a local coordinate system. Due to this loading, the new delamination front
was created. Subsequently, the original material was restored. Evolution under in-
plane compression of three initially circular delaminations of diameters d = 30, 40
and 50 mm embedded in thin laminates of two different stacking sequences, i.e.,
0◦4//0

◦
24 and 0◦4//90◦20/0

◦
4 were considered. It was found that the growth history and

the magnitude of the load that triggers unstable delamination growth depended mainly
on the combined effects of the initial delamination size, delamination contour, out of
plane post-buckling geometry of the disbonded layers, reinforcement arrangement, and
magnitude and variation of the SERR components along the delamination contour.
To present the combined effect of these features, an original concept of the effective
resistance curve, GReff , was introduced.

1. Intruduction

Once a delamination has been detected, then a question arises whether the
defected structure could be allowed for service or it should be repaired or even
scrapped. The answer can depend on the delamination location, size, and the
damage tolerance philosophy adopted for the product in question. Often, no defect
growth or slow defect growth approach is applied, (e.g., in the case of airframes)
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and delamination growth under cyclic loading must be considered, however, the
first question to answer is whether the delamination under consideration would
grow under the expected static load and, if so, would this growth be stable or not.
In spite of the relevance of these issues, the number of papers accessible in the
open literature addressing them is scant.

Delaminations can be due to faulty manufacturing process. Mainly, such flaws
result from the air entrapped between reinforcement layers and often they assume
almost circular or elliptical shape [1]. Such disbonds will be referred to herein
as initial delaminations. It is broadly accepted that delaminations can be treated
as interlaminar cracks and, as such, they can be investigated with the help of the
Linear Fracture Mechanics or/and the Damage Mechanics [2]. The first step in the
assessment of the delamination severity and the threat to the structural integrity the
delamination can produce is the determination of the critical external load causing
buckling of the thinner of the disbonded layers or both of them, and next, deter-
mination of the Strain Energy Release Rate (SERR) values along the delamination
front in the post-buckling delamination stage. The problem is not new and attempts
to solve it were undertaken more than 30 years ago, however, not until sufficient
development of the FEM was achieved, and contact modelling, splitting of nodes
and remeshing became possible, was an efficient tool for solving the aforemen-
tioned problem available. The early 2D models ([3–6]) represented laminates with
through-the-width delaminations. Some of these models offered closed-form solu-
tions [5, 6], easy for application, however, because of the considered delamination
geometry, their practical applications were rather modest.

Three-dimensional models having amore practical application were developed
with the help of the FEM in combination with the tools offered by the Linear
Elastic FractureMechanics, i.e., the Virtual Crack Closure Integral (VCCI) concept
[7], and the Modified Virtual Crack Closure Integral (MVCCI) concept [8], or
the tool offered by the Damage Mechanics i.e., cohesive elements [9]. Due to
these combinations, FE models represented more common delaminations such as
embedded ones were developed. Early models were only capable of determining
variation of the SERR components along the delamination front [10, 11]. These
models neither accounted for delamination growth nor were useful for analysing
delamination growth stability.

In the more advanced models, to facilitate simulation of delamination growth,
special means of coupling the opposite element nodes belonging to the layers un-
dergoing separation were developed, while the laminate layers themselves were
modelled with brick elements, e.g., [12–15], or shell elements [9, 16–18]. The
specificity of the node coupling consisted in that, if a chosen fracture criterion was
met, the ties were removed and then the delamination grew. The nodes could be
coupled in various ways: with the help of springs, [13, 14], of Multi-Point Con-
straints (MPC) [16, 19] or with the help of contact elements, [18, 20]. Application
of theMVCCImethod, (often theVCCT term is used as a synonym for theMVCCI),
involves two assumptions, i.e., that the delamination growth is self-similar and that
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a delamination already exists. Violation of the former may result in overestimating
the SERR values. To avoid this, some correction factors could be used, [16]. The
limitation resulting from the need for initial delamination could be removed by
application of the Damage Mechanics and use of cohesive elements that could be
placed at the interface of the layers expected to undergo delamination [9]. Alter-
natively, an initial delamination could be formed in the region in which a certain
strength criterion regarding interlaminar stress state was met, as indicated by the
preceding initial FE analysis [19].

Themethod to calculate the virtual area to be closed presented in [15], required
the finite elements crossing the delamination front to be hexagonal and of the
same size. These requirements limited application of such models to straight edge
delaminations. This limitationwas removed by themethod of calculating the virtual
area to be closed, presented in [12]. It allowed for modelling growth of circular or
elliptical delamination with the use of a mesh of not even elements surrounding the
delamination front. The only restriction was that the element sides crossed by the
delamination front had to be flat. Advanced,more complete approach for simulating
delamination growth than heretofore mentioned is presented in [17]. It combines
several earlier concepts [14, 15, 21, 22], allowing for the elimination of important
shortcomings pointed out in [21], typical for a standard VCCT, such as, sensitivity
of the results to the size of elements at the delamination front, sensitivity to the
load step sizes, and prediction of exaggerated values of the SERR components at
the corners of zig-zag delamination front. It was shown in [17] that due to specific
subroutine proposed in [21], it was possible to eliminate sensitivity of the results to
the element size at the delamination front and to the load step size. To eliminate the
prediction of exaggerated values of the SERR components, an advantage was taken
of the concept presented in [23], which consisted in the calculation of the SERR
over a segment of delamination front located between the two nodes for which
exaggerated SERR values were expected rather than at those nodes themselves. In
the case of not smooth delamination front heaving corners or/and different size
elements across the front, there appears the problem of how to define the area and
the distance over which it must be virtually closed, and how to define the closing
force needed for calculation of the SERR components. One possible solution to
this problem, adopted in [17], is presented in [14, 15, 22]. Another procedure being
a modification of that in [14, 15, 22] is described in [23, 24]. Their authors showed
that it allowed for more precise determination of the aforementioned quantities.
Aforementioned models are non-linear. It results in a relatively high computational
cost. In case of preliminary damage tolerance considerations, this cost can be
reduced by the application of a specific methodology, presented in [25]. This
methodology is based on a linear buckling analysis of the delamination under
consideration and the global variation in potential energy associated with a small
delamination growth. With the use of this method, the critical fracture load and
the location of the delamination propagation origin can be determined, however,
application of this method is limited to delaminations the growth of which can
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be mainly attributed to Mode I fracture and the remaining fracture modes can be
neglected.

In this paper, growth and growth stability of embedded delaminations resulting
from manufacturing imperfections, such as air pockets are considered. Contours
of such delaminations are closed curves and often can be well approximated with
circles or ellipses. Unlike in the case of simple delamination tests, e.g., DCB test,
they do not propagate in a self-similar manner. The observed variation in delam-
ination resistance can be due not only to the development of a damage zone in
front of delamination, as it is the case in the DCB test. It will be shown that, in the
case of embedded delaminations, their resistance against growth also depends on
their contours, on out of plane post-buckling geometry of the disbanded layers, on
the reinforcement arrangement, and on the magnitude and variation of the SERR
components along a delamination contour. These features interact with each other
and for this reason it would be very difficult to analyse separately the ways they
affect delamination growth. Therefore, only combined effect of these features on
the delamination process will be shown. To present it, an original concept of the
effective resistance curve, GReff , was introduced. Delamination growth produces a
release of a certain amount of the strain energy, which is equated with the energy
needed for the formation of the new delamination surface. Herein, this energy was
named the Effective Resistance Against Delamination Growth and denoted GReff .
The presented investigations consisted in the simulation of the growth history of
three delaminations differing by initial diameters. The delaminations were embed-
ded in hypothetic laminates of two different reinforcement arrangements and it was
assumed that the layers forming the laminate were of sufficient strength to assure
the absence of intralaminar failure.

Altogether, six defected laminar structures were considered, as shown in Ta-
ble 1.

Table 1.
Matrix of numerical simulations

Laminate Reinforcement arrangement Delamination diameter
number (“//” indicates a location of delamination) [mm]

1 0◦4//0
◦
24 30 40 50

2 0◦4//90◦20//0
◦
4 30 40 50

In the quoted delamination growth modelling procedures, the region of the
expected delamination growth was meshed with brick elements of possible similar
dimensions. It was shown that, with the use of such elements, it is possible to
reproduce initially smooth delamination front. However, as delamination grows its
contour undergoes reshaping and becomes polyline with several approximately 90◦
corners at nodes. This, in turn, results in zig-zag variation of the SERR components
along the newly created delamination front, e.g., [24].
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The authors of this paper took advantage of the virtual crack closure integral
concept (not the MVCCI one), in combination with the specific node relocation
procedure. A typical remeshing usually involves the generation of new nodes. The
proposed procedure eliminated this need: the original mesh was modified by the
gradual relocation of the nodes if the assumed delamination criterion had been
met. This procedure will be described in more detail in section 2.3. Due to such
node relocation, the contour of the delamination remained smooth throughout
the whole process of the delamination growth simulation and the SERR values
varied smoothly from node to node. The concept of node relocation to mimic
delamination front movement had been already applied in [26], but the procedure
of node relocation itself, presented in this work, was original.

2. Delamination growth modelling

2.1. Delamination growth criterion

To ascertain that a growth of delamination takes place, the determined SERR
valuesmust be compared against suitable delamination criterion. It should be kept in
mind that the available delamination criteria e.g., [27–33], are phenomenological.
They were obtained by curve fitting of the experimental data related to a particular
laminate, and for this reason these criteria are not universal. Furthermore, they
account for the presence of just two fracture modes. Since, in the case of embedded
delaminations all three components of the SERR are present and they are of the
same magnitude, the suitable criterion must account for all of them. Unfortunately,
the phenomenological criteria that take into consideration all three fracture modes
are not available. The available ones are simplemodifications of the aforementioned
done by including a component accounting for the remaining fracture mode [34].
Furthermore, they lack experimental validation. As a consequence, the quantitative
evaluation of simulation results could be difficult.

For the purpose of the intended simulations, an advantage was taken of a
simple delamination criterion given in [34]. With the help of this criterion, the
delamination index K was defined:

K =
GI

GIc
+

GII

GIIc
+

GIII

GIIIc
− 1 > 0. (1)

It was assumed that the delamination growth takes place if K > 0. Later, in
the body of the paper, consequences of applying the alternative delamination index
Ka will be shortly discussed, taking advantage of the more complex delamination
criterion proposed also in [34]:

Ka=
GΣ

GIc + (GIIc − GIc)
(

GII + GIII

GΣ

)η
+ (GIII − GIc)

(
GII + GIII

GΣ

)η − 1>0, (2)

where: GΣ = GI + GII + GIII and η are curve fitting parameters.
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It should be mentioned that despite the fact that GIc, GIIc, GIIIc values depend
on the difference in the reinforcement direction across the fracture plane, as well
as, on the direction of the delamination propagation relative to the reinforcement
direction, these dependencies are ignored in this paper because of the lack of
relevant data.

2.2. FE model

The assumed mechanical properties of the single layer forming the hypothetic
laminates under consideration and the assumed critical values of the SERR for
three fracture modes are shown in Table 2.

Table 2.
Assumed mechanical properties

Young’s modulus [MPa] Poisson’s ratio Shear modulus [MPa]
Critical value of the
strain energy release

rate [N/mm]

E1 E2 E3 ν12 ν23 ν31 G12 G23 G31 GIc GIIc GIIIc

128 290 8 760 8 760 0.288 0.320 0.288 4 270 3 000 4 270 0.3 0.9 0.9

The geometry of the plate under consideration and FE mesh in the vicinity of
the delamination front are sketched in Fig. 1. The nominal plate dimensions were
as follows: length, l = 150 mm, width, s = 100 mm and thickness t = 4 mm. It
contained an embedded initially circular delamination, located in the plate centre.
For all the considered models, (Table 1), a single reinforcement layer (prepreg)
was 0.142 mm thick. The debonded sub-laminate (delamination) was composed
of four such prepreg layers and was 0.568 mm thick. The substrate was composed
of 24 layers and was 3.432 mm thick. The FE simulation of the delamination
growth was carried out with the use of ANSYS v.15 FE code and with the help

  

(a) (b)

Fig. 1. Geometry of the defected plate: (a) the ∆ f and dashed line represent displacement of the
plate edge due to the prescribed loading, and (b) the FE mesh in the vicinity of the delamination

front at plane y = 0. The substrate is not shadowed
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of the original node relocation procedure explained in the next subchapter. The
laminate was modelled with eight node SOLID185, (Layered Structural Solid
(KEYOPT(3) = 1), elements. The delamination and substrate were represented by
two and three layers of such elements, respectively, Fig. 1. To prevent penetration,
surface-to-surface ANSYS contact elements (CONTA173 and TARGET170) were
used.

The imposed constraints were the following.

for y = ±
l
2
, x = ±

s
2
and z = −

t
2
, uz = 0;

for y =
l
2
and z =

(
−

t
2
,

t
2

)
, uy = −∆ f (external loading);

for y = −
l
2
and z =

(
−

t
2
,

t
2

)
, uy = 0;

for y = −
l
2
and x = z = 0, ux = 0.

The simulations were carried out under displacement control: the external
loading was increased gradually by the displacement increments, ∆ f , which were
equal to 2.5% of the displacement producing buckling. To determine this value,
a preliminary eigenvalue buckling analysis was performed. The maximum node
shift, δmax was equal to 0.1 mm. For the mesh designed, several try runs had been
performed with decreasing δmax. In general, the decrease in δmax smoothened the
crack front line and in consequence, the variation in G values. The adoption of
δmax = 0.1 resulted from the observation that for δmax < 0.1 the running time
significantly increased with no substantial improvement on the smoothness of the
G variation along the front line. Examples of the mesh geometry representing the
initial delamination and the delamination at the instability threshold are shown in
Fig. 2.

 
(a) (b)

Fig. 2. Example of the meshes representing geometry of the initial delamination (a)
and at the instability threshold (b)

It was assumed that the fracture mode partition can appropriately be done with
the use of the following equations
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GI =

1
2

Pz∆uz

2Sb′c′d′dcb
, (3a)

GII =

1
2

Py∆uy

2Sb′c′d′dcb
, (3b)

GIII =

1
2

Px∆ux

2Sb′c′d′dcb
. (3c)

This is a common approach, e.g., [35, 36], nevertheless, the authors are aware
that some other approaches exist [37], however, they refer to very local stress
state and assume homogeneity of material which is not the case as far as polymer
composites reinforced with continuous fibres are considered.

2.3. Node relocation procedure

The relocation procedure consisted of several steps. At the beginning, local
Cartesian coordinate systems were assigned to all the nodes located at the delam-
ination front. To define each of the local coordinate systems, three neighbouring
nodes were used, e.g., a, c and e, (c – middle node, and a and e – external nodes)
as shown in Fig. 3. A local x-axis was defined first based on the requirement that it
must pass through the external nodes, a and e. Next, the y-axis was defined based
on the requirement that this axis should pass through the middle node c and be
perpendicular to the already defined x-axis. To accomplish this, a series of the
following ANSYS commands was issued in the following order: CS, WPCSYS,
NWPAVE and CSWPLA.

ab=bc; cd=de; a’b’ = b’c’; c’d’ = d’e’; cc’= δmax

Fig. 3. Local coordinate systems used for the node relocation.
Coordinate systems ya–xa , yk max–xk max, and ye–xe are

associated with nodes a, c and e, respectively. The shadowed
area is associated with the nodal forces at node c



Growth stability analysis of embedded delaminations . . . 423

 

1. load the plate just above the buckling load 

2. calculate the K values for each front node 

3. find the locus of Kmax and displace the 

corresponding node by the prescribed 

distance max 

4. displace each of the remaining k nodes 
for which Kk>0 in proportion to Kk/Kmax 

5. load the plate as previously 

7. increase the displacement by f 

6. calculate the K values for each node of 
the new delamination front 

is K>0? 

has the 
delamination 

buckled? 

has been the  
assumed final displacement 

reached? 

end 

is K>0? 

yes 

yes 

yes 

yes 

no 

no 

no 
B 

A 

no 

C 

D 

Fig. 4. Procedure used to simulate growth of delamination

Next, the first five steps of the flowchart, Fig. 4, were completed as follows.
Just after exceeding the buckling load, the K values were evaluated for each node
located at the delamination front. If the criterion (1) was not met for any of the
considered nodes, the external load was increased by the prescribed displacement
increment, ∆ f , and the procedure was repeated. If the opposite was true, in-plane
displacements of the nodes at the delamination front were read and stored. Then,
the actual material was replaced with the fictitious homogeneous one, designed
in this way that its modulus was decreasing with the increasing distance from the
delamination front, as shown in Fig. 5.
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Fig. 5. Fictitious material definition. Its modulus was decreasing
incrementally with the increasing distance from the delamination

front, as indicated by the numerical values. Each gray level
represents material of one modulus value

Next, the node of the highest K value was displaced in the local y-direction by
the prescribed distance, δmax, e.g., node c to position c′, as shown in Fig. 3. The
remaining n nodes, for which Kn met the condition

Kmax > Kn > 1, (4)

were displaced in the corresponding local yn directions by the distance δn, calcu-
lated according to:

δn = δmax
Kn

Kmax
. (5)

Due to this loading, the new delamination front was created. The locations of
all the remaining nodes were shifted accordingly due to the deformation of the
fictitious material. This way all these nodes assumed new positions. Next, the
original material was restored and the 5th step of the flowchart was completed.

As a result of this process, the new delamination geometry was created, for
which the new set of K values was calculated for all the nodes at the new delam-
ination front. The graph in Fig. 6 provides additional explanation. Points P1 and
P2 represent the scenario in which condition D (procedure in Fig. 4) was reached
just in one loop, while points P3, PI

3, P
II
3 and P4 represent the scenario in which

condition C was answered “yes” two times in row and two loops were needed to
reach condition D. Points P1–P7 represent stable delamination growth while point
P9 and the consecutive points correspond to unstable growth.

The GI , GII and GIII components in (1) were calculated with the help of
the virtual crack closure concept. However, to avoid possible problems resulting
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displacement 

P1 < P3 < P5 < P7 

P1 

P2 

P3 

P4 

P5 

P6 
P8 

P9 

PI 

PII 

PIII P7 > P9 

PI 

f 2f 3f 4f 5f 

9 

9 

9 PII 3
 

3
 

P7 

Fig. 6. Load variation in the course of delamination growth

from the violation of assumptions concerning a self-similar delamination growth,
pointed out in [16], theMVCCI presented in [8], was not applied. The node opening
and nodal forces to close it were calculated for the same pair of nodes, (i.e., a dual
FE calculation was involved: (a) for the pair of nodes under consideration nodal
forces were determined, next, (b) the nodes were disconnected and the relative
displacement of the disconnected nodes was determined). It was assumed that the
GI , GII and GIII components were equal to the half of the product of the nodal
displacements and the corresponding forces divided by the doubled shadowed area,
as shown in Fig. 3.

2.4. Construction of GReff curve

The coordinates of each point of this curve were determined as follows. With
the help of the described node relocation procedure, the new delamination contour
and the corresponding new delamination area, An, were defined for each displace-
ment increment, ∆ fn. The corresponding delamination area increment, ∆An, was
calculated by subtracting the consecutive delamination areas, i.e.,

∆An = An − An−1. (6)

The SERR value, GRn, needed for the creation of the new surface 2∆A was
calculated according to the following equation:

GRn =
∆Eel

2∆A
, (7)

where: ∆Eel – change in the elastic energy taking place in the course of creation of
the new surface 2∆A, calculated based on the element stress and strain, (with the
help of ETABLE ANSYS command).
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3. Results

The results will be discussed in terms of changes in delamination contours,
changes in the distribution of the SERR component values and the K values along
the delamination front, and in terms of the delamination growth stability.

The delamination contours for both the laminates for the instability thresholds
are shown in Fig. 7. The initial delamination contours, (just after buckling of de-
lamination), are shown with dashed lines. It could be noticed that all delaminations
were growing, essentially, in the transverse direction relative to the direction of
loading. Only for the smallest delaminations, some growth in the direction parallel
to the loading direction occurred, but it was much smaller than that in the transverse
direction. This finding indicated that 2D models are not applicable for analysing
embedded delaminations, even if they are significantly elongated in the direction
transverse to loading, since 2Dmodels represent delaminations that propagate only
in the direction parallel to the loading.
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   d = 50 mm 

30 

20 

10 

0 

  0  //0 4 24 
o 

0 10 20 30 40 

b    mm 

a
  
  

m
m

 

o 

 

   d = 40 mm 

   d = 50 mm 

30 

20 

10 

0 

    0  //90    /0 4 20 
o 

0 10 20 30 40 

b    mm 

a
  
  

m
m

 

o o 
4 

(a) (b)

Fig. 7. Delamination contours corresponding to the instability thresholds for laminate 0◦4//0
◦
24 (a)

and laminate 0◦4//90◦20/0
◦
4 (b). Notice that for the delamination of d = 30 mm embedded in the latter

the stable growth did not occur, therefore for this delamination the contour corresponding to the
instability threshold is not shown

It could also be noticed that all the delaminations embedded in the 0◦4//0
◦
24

laminate were more elongated at the instability threshold than that embedded in
the 0◦4//90◦20/0

◦
4 one.

Predominate growth of the delaminations in the transverse direction was re-
flected by the variation of the K values with the normalised length of the delami-
nation front, s, Figs. 8 and 9. The shown SERR components were normalised with
respect to the maximum value of GΣ.The values of the s-coordinate were calcu-
lated as the ratio between the actual distance from the positive y-axis measured
clockwise along the delamination front and the total delamination front length. The
GI , GII , GIII , GΣ and K values varied periodically with s, (with periods s/2), and
for the sake of clarity they are shown in the range 0–s/2, only.
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Fig. 8. Variation of the SERR components and delamination index with s coordinate for the initial
stage (a) and the at instability threshold for delaminations embedded in 0◦4//0

◦
24 laminate (b)
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Fig. 9. Variation of the SERR components and delamination index with s coordinate for the initial
stage (a) and the at instability threshold for delaminations embedded in 0◦4//90◦20/0

◦
4 laminate (b)

Initially, the values of K = Kmax and GΣ = GΣmax were located at s = 0.25,
however, the changes in the delamination contours produced relocation of the
GΣmax, while the location of Kmax did not change, (compare corresponding plots
in Fig. 8 and in Fig. 9), therefore, the most intensive delamination growth did not
correspond to the GΣmax, as it could be expected. Location of Kmax could also
be affected by the choice of delamination criterion and by the mutual relations
between the critical values of GIc, GIIc and GIIIc, Fig. 10. For example, comparing
the result yielded by criterion (1) and GIc/GIIc = GIc/GIIIc = 1/3 with that yield
by criterion (2) and the same ratios of the SERR components we can clearly see
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that according to criterion (1) the most intensive delamination growth would occur
for s = 0.25 while according to criterion (2) – for s ≈ 0.2 and s ≈ 0.3. It could
be also noticed that, for example, for criterion (2) and GIc/GIIc = GIc/GIIIc = 1/3
most intensive delamination growth would occur for s ≈ 0.2 and s ≈ 0.3 while for
GIc/GIIc = GIc/GIIIc = 2/5, for s ≈ 0.1 and s ≈ 0.4.

 

0 0.2 

s 

0.5 

K
 

0.2 

0.1 

-0.3 

0 

-0.1 

-0.2 

0.3 0.4 0.1 

K 

Ka 

     GIc/GIIc=GIc/GIIIc=2/5 

     GIc/GIIc=GIc/GIIIc=1/3 

     GIc/GIIc=GIc/GIIIc=1/3 

 

y 
s
  

x
  

Fig. 10. Variation of delamination indexes K (� )and Ka (©, ♦)
with s co-ordinate

Growth stability of the delaminations under consideration could be assessed by
inspection of the relationship between the variation of the delamination area and the
external loading expressed in terms of nominal strain, ε =

∆ f
l
, as shown in Fig. 11.

The graphs depict the delamination growth history from the buckling strains to the
strains corresponding to the threshold of the unstable delamination growth, εinstab.
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The vertical sections of the graphs, shown with dashed lines, correspond to ε =
εinstab and present the unstable delamination growths, since the delamination grew
at a constant strain. The energy to produce the new free surface was driven from
the elastic energy stored in the system. The symbols beyond the one denoted IT
represent some transient unstable stages, while the symbols antecedent IT represent
delamination stages for which equilibrium was reached for the given load, and the
further growth required a gradual increase in the external load.

The values of εinstab differed depending on the diameters of the initial delami-
nations and, in general, decreased as the delamination diameters increased. It could
also be noticed that the values of εinstab were affected by the layer stacking, (compare
graphs with open and closed symbols in Fig. 12). For the delamination of the same
initial diameters, the strains corresponding to buckling and instability threshold
were lower for the delaminations embedded in the 0◦4//90◦20/0

◦
4 laminate than for

the ones embedded in the 0◦4//0
◦
24 one. It could be attributed to the stronger lateral

restraint imposed onto the delaminations embedded in the first laminate due to the
lower Poisson ratio of the substrate than that of the substrate of the second one. An
interesting feature of the delamination growth history was that small delaminations
did not alert or alerted to a lesser degree about approaching unstable growth than
the larger ones did. For the smallest delaminations, the unstable growths took place
already at the buckling strains, while for the larger ones, to produce the delami-
nation growth, the external load had to be increased. It was a consequence of the
difference in the buckling strains, which for smaller delaminations were higher and
more elastic energy was available for the delamination growth.
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Some qualitative verification of the obtained results can be made by com-
paring them against the results of the numerical analysis presented in the open
literature [23, 38]. However, this comparison is limited to delamination growth
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directions. The literature results concerned delaminations at 0◦/90◦ interface of
[(+45◦/−45◦/0◦/90◦)4]S and [0◦/90◦]7 laminates indicated predominant transverse
growth of delaminations, as did the results obtained by the authors. To the best of
the authors’ knowledge, there are no papers in the open literature concerning de-
lamination growth stability of embedded delaminations, so a similar comparison
cannot bemade. Presently, in the author’s opinion, it would be very difficult to carry
out quantitative analysis with regard to delamination propagation and propagation
stability, as well as, to provide an experimental quantitative verification of the ob-
tained numerical results, at all. There are at least two reasons for that. For the time
being, there is a lack of relevant and sufficient data concerning the critical values
of the SERR. Albeit, for CF/Epoxy laminates the data on the critical SERR values
concerning delamination running at 0◦//0◦ and 0◦//90◦ interfaces are available,
unfortunately they pertain mainly to the delaminations running in the direction
parallel to the reinforcement. Available data accounting for different propagation
directions are scant despite the fact that it has been experimentally proved that such
dependency exists and is meaningful [39, 40]. It is clearly visible that the direction
of delamination front varies along the delamination contours with respect to the
directions of fibres at the potentially created surfaces for all embedded delamina-
tions, and so does the delamination growth direction. This is an important feature
and must be taken into consideration if the growth of embedded delaminations is to
be quantitatively analysed. The lack of the aforementioned data makes any results
of quantitative analysis and its experimental verification unreliable. Unfortunately,
the data provided in just mentioned literature are not sufficient. Furthermore, in
the case of laminates, there isn’t any generally accepted theory available based
on which a reliable delamination criterion accounting for all three fracture modes
could be established, and experimental results that could be used to construct a
phenomenological criterion a phenomenological criterion that accounts for three
fracture modes aren’t available, so far.

4. Conclusions

Growth and growth stability of initially circular delaminations of three different
diameters d = 20, 40, 50 mm embedded in two laminates of stacking sequences
0◦4//0

◦
24 and 0◦4//90◦20/0

◦
4 were investigated with the help of FE models. To mimic

the delamination front evolution, an advantage of the virtual crack closure concept
was taken in combination with a specially developed node relocation procedure to
obtain a smooth delamination contour, as well as, a smooth variation of the SERR
components along it. Since, the applied delamination criterion accounted neither
for variation of the critical SERR components with reinforcement configuration,
nor for variation of these components with the delamination propagation direction
relative to the reinforcement directions, the obtained results clearly exposed the
combined effects of delamination contour, out of plane post-buckling geometry of
the disbanded layers, reinforcement arrangement, and the magnitude and variation
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of the ratios of the SERR components along the delamination contour exerted
on the delamination growth. To present the combined effect of these features, an
original concept of the effective resistance curve, GReff , was introduced. Also, it
was shown that the GI , GII , GIII , GΣ = f (s) and K = f (s) relationships were
different for different delamination contours and layer stackings. It was shown
that, for larger delaminations, a meaningful increase in the external load above the
buckling one was needed to induce the unstable propagation, while the smallest
delaminations propagated in an unstable manner just after buckling. It was also
clearly visible that the increase in the transverse delamination restraint shifted the
instability thresholds to lower external loading, i.e., expedited it. In all the cases
under consideration, predominant delamination growth in the direction transverse
to the loading direction was observed and only for the smallest delaminations
some growth in the direction parallel to the lading was also present. This finding
indicated that 2Dmodels are not applicable for analysing embedded delaminations,
even if they are significantly elongated in the direction transverse to lading since
2D models represent delaminations that propagate only in the direction parallel to
the loading.

Manuscript received by Editorial Board, September 22, 2020;
final version, November 13, 2020.
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