<]
TUDelft

Delft University of Technology

Experimental investigation of planar delamination behaviour of composite laminates under
Out-Of-Plane loading

Tu, W.; Pascoe, J.A.; Alderliesten, R.C.

Publication date
2023

Document Version
Final published version

Published in
Proceedings of the 31st symposium of ICAF - the International Committee on Aeronautical Fatigue and
Structural Integrity

Citation (APA)

Tu, W., Pascoe, J. A., & Alderliesten, R. C. (2023). Experimental investigation of planar delamination
behaviour of composite laminates under Out-Of-Plane loading. In Proceedings of the 31st symposium of
ICAF - the International Committee on Aeronautical Fatigue and Structural Integrity

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.



315 ICAF Symposium — Delft, 26-29 June 2023

EXPERIMENTAL INVESTIGATION OF PLANAR
DELAMINATION BEHAVIOUR OF COMPOSITE
LAMINATES UNDER OUT-OF-PLANE LOADING

W.J. Tu", J.A. Pascoe' and R.C. Alderliesten'

‘w.tu@tudelft.nl
! Department of Aerospace Structures & Materials, Faculty of Aerospace engineering
Delft University of Technology, Kluyverweg 1, 2629HS, Delft, The Netherlands

Abstract: Delamination growth is a key damage mode threatening the structural
integrity of fibre reinforced polymer composite structures. To guide design and damage
management of composite structures, research efforts have been made to understand
delamination behaviours and establish standardized evaluation methods based mainly on
one-dimensional delamination tests. However, as most delamination growth in real
structures will be planar, the question arises whether these approaches are adequate to
evaluate planar delamination behaviour.

In this study, a novel experimental method was developed to investigate the planar
delamination behaviour under quasi-static out-of-plane loading. The planar central
loaded split (PCLS) specimen was designed to investigate the planar delamination
behaviour under mode II loading condition. By analysing digital image correlation (DIC)
and C-scan data, the delamination progress was monitored. An acoustic emission (AE)
system was used to capture the initiation of damage and to identify different damage
types.

The planar delamination growth was found to be dependent on the stacking sequence
and interface properties. Additionally, it was found that positioning a rubber mat
between the indenter and the specimen prevented the occurrence of delaminations at
undesired interfaces. The artificially embedded delamination propagated in the direction
to which the fibre orientation of the layer above the crack interface was parallel, but
migrated initially to an upper interface at the place where the fibre was perpendicular. A
constant increase in the load was observed even though the delamination propagated.
The significant drop of loading seen at the end of the test was attributed to the substantial
surface cracking.

The research results provide a clearer understanding of the mechanisms of planar
delamination under out-of-plane loading. Furthermore, combining with the experimental
results, numerical simulation will be conducted to characterize planar delamination
behaviour qualitatively and quantitatively, thus to establish a more reliable assessment
method for planar delamination growth

Keywords: Planar delamination, Stiffness degradation, Delamination migration, Mode
II fracture
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INTRODUCTION

As has been discussed in several studies, delamination initiation and evolution in carbon fibre reinforced
polymer (CFRP) composite laminates is one of the most typical damage modes that is critical to the
reduction of residual strength, thus threatening the integrity of aerospace structures [1]-[3]. In order to
provide valuable references for engineering design, it is essential to comprehend the mechanisms of
delamination growth in CFRP laminates. Based on both experimental and analytical approaches, test
standards have been established to identify the interlaminar fracture toughness of delamination growth
under different loading modes [4]-[6]. However, since these methods are simplified to create
delamination growth of unidirectional laminates in only one direction, the determined fracture toughness
may not be adequate to describe delamination behaviours in real structures, where delamination growth
is planar.

Several external factors can be influential to the fracture toughness of delamination growth. The
geometry of the beam specimen, its width [7]-[10] and thickness [11], [12], for instance, have effects
on the degree of fibre bridging and thus affect the fracture resistance, causing the R-curve behaviour.
Although the measurement of delamination growth was simplified in one direction, the strain energy
release rate (SERR) distribution along the delamination front can be influenced by the free edges,
resulting in an uneven SERR distribution and thus causing a varying crack growth rate at the
delamination front [13]-[15]. The stacking sequence of composite laminates is also influential on the
delamination behaviours [16]-[19]. Delamination migration has been found to be the most characteristic
phenomenon for delamination growth at the 0°/6 (0°<6<90°) interface, because the local mode III was
dominant at the migration location [15], [20].

Instead of considering those effects separately by using beam specimens, research efforts have been
made to investigate planar delamination growth of multidirectional CFRP laminates, where all the
factors such as specimen configuration, stacking sequence, and interfacial properties should be
considered [21]-[24]. Buckle-driven delamination of CFRP laminates with an artificially embedded
delamination has received increasing attention during the past few decades [25]-[30]. Experimental,
numerical, and analytical methods have been established, in order to determine the critical strain levels
for local buckling and delamination growth, respectively [30], [31]. Delamination was found to
propagate transverse to the loading direction due to the local buckling deformation. Although these
methods provided convenience in predicting the critical load for initial delamination growth, they were
not sufficient to predict progressive delamination evolution.

An innovative experimental method has been developed by Cameselle et al. [32] to investigate mode |
dominant planar delamination behaviour. In that research, transparent woven GFRP laminates with an
embedded delamination were used. The planar delamination patterns of different woven fabric
distributions were investigated. By using the cohesive zone modeling (CZM) method, the fracture
toughness of the planar delamination growth was estimated, and was found to be 30% higher than that
of one dimensional delamination growth in the DCB specimen [33]. In another study, a novel
experimental method was proposed to investigate the planar delamination behaviours of CFRP
laminates under mode II and mixed mode I/II loading conditions [34]. The embedded delamination
developed under fatigue loading for mixed mode I/II tests. A strain energy density (SED) method was
proposed based on digital image correlation (DIC) analysis to monitor delamination growth. Combining
with a physical SERR approach presented by Amaral et al. [35], [36], two phases of planar delamination
growth under fatigue loading were characterized. However, the SED method was only capable of
measuring the projected delamination area. The delamination patterns at different interfaces were not
depicted.

In this study, a new experimental method is proposed to investigate the planar delamination behaviour
of CFRP laminates under quasi-static loading condition. DIC analysis was performed during the loading
process to acquire the surface strain and displacement. After loading, ultrasonic scanning (C-scan) was
used to capture the delamination area and analyse the delamination patterns of two different specimen
configurations. Furthermore, cross-sectional observation was used to verify the delamination patterns
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Experimental Investigation of Planar Delamination Behaviour of Composite Laminates under Out-of-plane Loading 3

observed by C-scan. An acoustic emission (AE) system was used to determine the initiation of
delamination growth, enabling the estimation of the critical loading for delamination growth.

EXPERIMENTAL APPROACH

Material and specimen

A unidirectional carbon fibre / epoxy prepreg, Delta-Preg M30SC-150-DT120-34F, was used to
manufacture the CFRP panels. The DT120 epoxy system has been widely used in structural components
that require high toughness and high impact resistance performance.

As shown in Figure 1, a planar central loaded split (PCLS) specimen was designed to investigate planar
delamination behaviour under mode II loading condition. The PCLS specimens were fully clamped by
the fixtures in the hatched area. The out-of-plane loading was applied by an indenter with a slightly
curved head. Additionally, a rubber mat was placed in between the indenter and the specimen to provide
a more even load on the specimen surface. The specimens with rubber protection are labelled PCLS-R.

F:xture ~~_ PCLS Specimen 2.5

// s S ///[/: Rl

7
(Dr\q} 7
it o
—i, = 4] | w
Embedded |delamination |/ PCLS : Rubber
L/
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Figure 1: Illustration of the specimen geometry and basic setup.

In order to investigate the effect of interface properties on the delamination behaviour, two different
quasi-isotropic layups with 16 layers were adopted. A circular Polytetrafluoroethylene (PTFE) insert of
0.016 mm thickness was embedded in the half thickness. The specimen configurations are described in
Table 1. The upper and lower sub-laminates are symmetrical.

Table 1: The specimen configurations (// indicates the location of the PTFE insert).

Label Stacking sequence

PCLS(0//90) [(0/90/45/-45)s//(90/0/45/-45)s]
PCLS-R(0//90) [(0/90/45/-45)s//(90/0/45/-45)s]
PCLS-R(0//0) [(0/90/45/-45)s//(0/90/45/-45)s]

Experimental setup

In order to monitor planar delamination growth, different devices were used. The experimental setup is
shown in Figure 2. The specimen was assembled in a fixture that was specifically designed for DIC
measurement. The DIC cameras were placed on the top of the crosshead of a 15 kN MTS fatigue testing
machine. Four acoustic emission sensors with broad frequency response (Vallen Systeme, VS900-M)
were attached to the bottom of the specimen, and connected to a signal acquisition system to detect
damage initiation during the loading process.

Once the test started, the DIC and AE systems were triggered to continuously acquire images and AE
signals throughout the whole test. The loading rate was set at 0.01mm per second, with DIC images
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taken every 5 seconds. After testing, the extended delamination area was depicted through two types of
C-scan devices. Ultrasonic scanning equipment developed in the TU Delft laboratory was used to
capture the projected delamination area, based on through transmission attenuation. While the C-scan
device provided by DolphiTech, Inc. enabled time of flight (TOF) illustration of the delamination area
through the depth of the specimen (as shown in the blue region in Figure 2). The specimens were scanned
from the bottom side, where out-of-plane loading was applied. Finally, the specimens were cut into
pieces for cross-sectional observation.

The tests were performed under displacement control. The tests were interrupted after significant surface
cracking occurred, in order to prevent the specimens from being penetrated by the indenter. The
significant surface cracking was therefore considered as failure of the specimens.

lights

Specimen —-

Indenter

system

C-scan

Figure 2: Illustration of the specimen geomet and basic setup.

RESULTS

Force-displacement curves

The force-displacement curves are shown in Figure 3 Compared to PCLS without rubber protection,
PCLS-R specimens exhibit softened force-displacement behaviour. The force-displacement behaviours
of PCLS-R specimens with different stacking sequences are similar. The drops in the force-displacement
curves indicate the occurrence of significant surface cracking (failure). The failure of PCLS(0//90)
occurred at a lower displacement level compared to PCLS-R(0//90). However, the stiffness degradation
due to delamination growth is not visible in the force-displacement curves, the force increased
exponentially until failure.

According to the compliance analysis, a continuous stiffening process can be discovered for all
specimens, as shown in Figure 4. The compliance of the specimen decreased even though the embedded
delamination propagated. The peaks in the compliance curves indicate the occurrence of surface
cracking, as shown in Figure 4(b). For PCLS (0//90), one significant surface crack occurred close to the
end of loading. For PCLS-R(0//90), multiple surface cracks developed at a lower displacement level.
Only barely visible surface cracking happened in PCLS-R(0//0). The occurrence of surface cracking has
a significant impact on the compliance curves. In contrast, a stiffness degradation (compliance increase)
due to growth of the delaminations is not visible.

The 31% symposium of ICAF — the International Committee on Aeronautical Fatigue and Structural Integrity



Experimental Investigation of Planar Delamination Behaviour of Composite Laminates under Out-of-plane Loading 5

Planar delamination behaviour

The inspected delamination patterns for all specimens are shown in Figure 5. The delamination areas
captured by the two different C-scan devices matched. The C-scan results on the left were acquired by
differentiation of penetrated signal strength, providing the projected delamination shapes. Through TOF
C-scan, delaminations at different interfaces (depths) were illustrated in different colours. It is worth
mentioning that since the specimen thickness is 2.5 mm, the darker orange colour corresponds to the
mid interface (1.25 mm depth) where the initial delamination was embedded. The top surface where
DIC measurement was performed was set as the back wall, as shown in dark blue colour.

LOE+044 |\ — PCLS(0//90)
A
-~ - - PCLS-R(0//90)
eopiozd [ PCLS-R(0//0)
% //:,"“
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0.0E+00 = : - ' '
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Figure 3: Force-displacement curves of all specimen configurations. The thin dash-dot lines are used
to mark the critical force and displacement of failure.
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Figure 4: (a)Compliance curves of all specimen configurations and (b)Surface cracking

For PCLS(0//90) without rubber protection, multiple delaminations occurred at undesired interfaces. For
the specimens with rubber protection (PCLS-R), two main delamination regions can be recognized. First,
a rectangular delamination area, shown in dark orange colour, illustrates the initial delamination growth
following the ply orientation above the mid interface. Second, the two semi-sphere regions, shown in
light orange colour, depict the delamination at an upper interface. Such delamination behaviour indicates
that the initial delamination propagated along the fibre orientation above the mid interface but migrated
in the direction where the normal direction of the initial delamination boundary was perpendicular to
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the fibre orientation. Comparing the rectangular delamination regions of PCLS-R specimens, the
delamination growth at the middle 0//0 interface was smaller than that at the middle 0//90 interface,
although the two specimens were loaded to the same displacement and force level.

For PCLS-R(0//0), another smaller delamination region attached to the side of the rectangular region
can be observed, as shown in navy blue. This area depicts the delamination underneath the cracked top
surface. The same delamination growth at the top interface can be observed from the TOF C-scan of
PCLS(0//90). Similar delamination behaviour can also be expected for PCLS-R(0//90). However, the
top-interface delamination was totally shadowed by the mid-interface delamination because the TOF C-
scan was performed from the back side.

C-scan C-scan (TOF)

PCLS
(0//90)

PCLS-R
(0//90)

PCLS-R
(0//0)

Figure 5: C-scan depicted delamination patterns of all specimen configurations. The white solid lines
indicate the cutting lines for the cross-sectional observations. The color bar on the right illustrates the
measured depth based on the TOF.

In order to provide more insights into the observed delamination behaviour, cross-sectional observation
was conducted on PCLS-R specimens. As shown in Figure 6, the embedded delamination propagated
in the direction where the normal direction of the delamination boundary aligned with the fibre
orientation above the mid interface (blue lines), but jumped to an upper interface at the location where
the normal direction was perpendicular to the fibre orientation (orange lines). The migrated delamination
growth again followed the fibre orientation of an upper ply.

The interface properties can be influential to the planar delamination behaviour. For the PCLS-R(0//0)
specimen, the interface of initial delamination growth was 0//0, but the interface of migrated
delamination growth was 0//90. As can be observed from the TOF C-scan, different degrees of
delamination growth occurred at two adjacent interfaces, resulting in an elliptical shape. For PCLS-
R(0//90), the interfaces of both initial and migrated delamination growth were the same. This could
result in the self-similar delamination growth observed from the TOF C-scan. The original circular
delamination developed roughly into a round shape.

However, it was not clear whether the middle plane delamination or the migrated delamination
propagated first or how the interface properties could affect the planar delamination behaviour. The
mechanisms of the observed phenomenon need to be further interpreted based on either numerical or
analytical analysis.

The 31% symposium of ICAF — the International Committee on Aeronautical Fatigue and Structural Integrity
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s DC1AMINAION rOWH A e PTFE insert Migrated delamination
mid interface growth

Figure 6: Planar delamination mechanisms observed from two perpendicular cross sections of PCLS-
R(0//0) specimen (on the top) and PCLS-R(0//90) specimens (on the bottom).

Monitoring delamination process
The 3D DIC measurement can be a potential approach capable of detecting damage evolution by

analysing the surface information [34]. AE technique also provides convenience in monitoring damage
initiation [37], [38]. In this study, the two techniques were combined to detect the initiation and
propagation of planar delamination under quasi-static indentation.

Two specimen configurations, PCLS-R(0//0) and PCLS-R(0//90) were considered in this analysis. The
AE sensor distribution and the locations for extracting the surface properties from DIC analysis are
shown in Figure 7. Different sensor distributions, square for PCLS-R(0//0) and parallelogram for PCLS-
R(0//90), were considered. The 1, 2 sites for DIC analysis were located aligned with the fibre orientation
of the top ply (x axis), while the 3, 4 sites were located along the y axis. Note that the fibre orientation
of the top ply was the same as the ply above the mid interface.

L y(90°) b x(90°)
140 mm 140 mm

"
>

70 mm

w1

i
"
un Of 1

\e\ @ o
z®/ < 80mm X(0°)  z 40mm ¥(0°)

(a) (b)
Figure 7: AE sensor distrubutions (circles) and locations of surface information extraction from DIC
analysis (squares) for (a)PCLS-R(0//0) and (b)PCLS-R(0//90) specimens.

As shown in Figure 8 and Figure 9 the surface strain and curvature at the four locations were acquired.
For the PCLS-R(0//0) specimen (Figure 8), a nonlinear increase in the surface strain can be observed.
Such nonlinear behaviour could be attributed to the minor damage occurring at the surface or inside the
specimen. It can be considered the initiation of delamination growth. Especially for mode II dominant
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delamination growth, the propagation of delamination is a result of the coalescence of microcracks in
the vicinity of the delamination front [39].

According to the surface curvature (Figure 8(b)), a plateau stage occurred after applying 7 mm
displacement at locations 3, 4, indicating the propagation of planar delamination. However, the plateau
did not exist at locations 1, 2. Instead, larger nonlinear behaviours in the surface curvature can be
recognized at locations 1, 2. The sudden drops after 9 mm displacement at these two sites corresponded
to significant surface cracking along the fibre orientation at the top ply. The extracted surface curvature
evolution can be correlated to the observed planar delamination behaviour. At locations 1, 2 aligned
with the top ply orientation, smaller delamination growth but significant surface cracking was observed.
At locations 3, 4, transverse to the top ply orientation, a larger delamination area developed.

As shown in Figure 9(a), for PCLS-R(0//90), the nonlinear phase of the surface strain occurred at a
lower displacement level at locations 3, 4. This can be attributed to the occurrence of multiple surface
cracks. As for the surface curvature (Figure 9(b)), the plateau stage existed at all four locations and only
shifted a little in the displacement. This demonstrated that the delamination behaviours in the x and y
directions were identical, as evidenced by the C-scan result, which showed a circular delamination area.
The curvature fluctuation at the lower displacement level can be caused by the occurrence of multiple
surface cracks.
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Figure 8: Surface strain (a) and curvature (b) plots against the applied displacement at four locations
for PCLS-R(0//0).
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Figure 9: Surface strain (a) and curvature (b) plots against the applied displacement at four locations
for PCLS-R(0//90).
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However, the results of DIC analysis can be influenced by surface damage. The nonlinear behaviour in
the surface strain curve can be caused by surface damage instead of internal damage. Therefore, it is not
sensitive enough to accurately detect the initiation of delamination. The surface curvature is sensitive to
the occurrence of delamination growth, but is insufficient to determine the initiation of delamination
growth. AE, on the other hand, is in principle capable of detecting any kind of damage occurring in the
specimen based on feature analysis of the acquired AE events (hits).

As shown in Figure 10 and Figure 11, the AE hits, accumulated AE energy, and counts of all four sensors
are plotted against the applied displacement. The accumulated AE energy and counts are on a magnified
scale in order to highlight the sudden increases in the gradient.

As shown in Figure 10, for PCLS-R(0//0), more AE hits were recorded by sensor 2 in the range of 5 mm
to 7 mm displacement compared to the other sensors. However, the curves of accumulative AE energy
and counts of each sensor were approximately the same. AE hits with high amplitude were recorded by
all the sensors at a lower displacement level. These events could be considered the occurrence of the
initial debonding between the layers and the PTFE insert at the middle interface. As specified by the
black arrows, the displacement levels corresponding to the first significant increase in the gradient of
the accumulative AE energy were almost the same for all sensors. However, there was no obvious
sudden increase in the accumulated AE counts. Therefore, the first significant increase in the gradient
of'the accumulative AE energy can be used as an indicator of the initiation of the embedded delamination
growth. Similar results can be obtained for the PCLS-R(0//90) specimen (Figure 11).

¢ AE amplitude (dB) —— Accumulative AE energy (aJ) Accumulative AE counts
2 3 1 4
: 4E+7 - 6E+4
100 + Increase in |
1 the density | L 5E44
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60 ‘ - 1E+7
1 - 1E+4
50 4
T T 0E+0 “0E+0

0 2 6 8100 2 4 6 8100 2 4 6 8 100
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Figure 10: AE hits, accumulated AE energy and counts of each sensor plotted agains the applied
displacement for PCLS-R(0//0).

The critical displacements for the initiation of the embedded delamination growth as determined by the
AE were 5.5 mm for PCLS-R(0//0) and 4.0 mm for PCLS-R(0//90). The critical displacements were
higher than that, which corresponded to the nonlinear phase in the surface strain curves. The
displacement corresponding to the sudden increase in the density of AE hits for both specimens was
closely matched to the displacement corresponding to the plateau stage in the surface curvature.
Therefore, these features can be considered the propagation of delamination growth. The critical
displacements for delamination propagation in PCLS-R specimens were around 7 mm.

Further analysis of the clustering of the AE hits and damage localization needs to be performed, in order

to identify the damage types and localize the damage based on the AE signals. The results can be verified
with fractographic observation at the crack surface. By achieving this, AE can be developed as a
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10 Tu, Pascoe & Alderliesten

powerful tool capable of performing more accurate damage detection and structural health monitoring
(SHM) for real scale structures [40], [41].
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Figure 11: AE hits, accumulated AE energy and counts of each sensor plotted agains the applied
displacement for PCLS-R(0//90).

DISCUSSION

Stiffening mechanisms
By analysing the force-displacement behaviour, a continuous stiffening process before the final failure

was discovered for all specimens. The stiffness degradation due to delamination growth was not
reflected in the force response and was not able to be characterized by the compliance curve. Therefore,
it was not possible to calculate the energy dissipation (or energy release rate) based on the force-
displacement behaviour or compliance method as suggested in the 1-D test standards.

In 1-D experiments, the stiffening phenomenon is always attributed to the occurrence of fibre bridging
[42]-[46]. However, in the presented 2-D experiment, whether there were bridging fibres at the
delaminated interface is not clear, because they cannot be easily observed. The degree of bridging effects
on planar delamination behaviour is also questionable. In the mode I 2-D delamination experiment,
conducted by Cameselle et al. [32], in-plane stretching and fibre bridging were considered the two main
stiffening mechanisms. However, since the specimen was not fully constrained on the edges, the
stretching effects on the stiffening process were covered by the softening process due to the larger area
of delamination growth. In the current study, a larger stretching effect can be expected since the edges
of the specimen were fully constrained. This would result in much higher elastic energy storage
compared to the energy dissipation due to delamination growth, thus resulting in stiffening behaviour.

In order to reveal the stiffening mechanisms, qualitative and quantitative analysis of the planar
delamination behaviour needs to be performed. This would require a numerical or analytical method
that is able to calculate the strain/stress state, or energy state at the delamination front.

Planar delamination mechanisms

In mode II delamination, the delamination growth can be considered a consequence of the coalescence
of microcracks at the resin rich region between two adjacent plies [39], [47]. The occurrence of
microcracks can be influenced by the interface properties and thus affect the delamination behaviour.
As shown in Figure 6, for the initial 0//0 interface, in the direction of delamination growth, the micro
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matrix cracks between the middle two plies may not be prone to developing since the strong fibres carry
a huge amount of loading (stretching effect). For the initial 0//90 interface, the fibre orientation of the
bottom ply was parallel to the matrix cracking plane, allowing matrix cracks to extend in the lower ply,
which made matrix cracking between the two middle plies easier to develop. The coalescence of multiple
matrix cracks resulted in delamination growth aligning with the upper ply orientation since the cracks
were not able to propagate across the strong fibres. Therefore, delamination was easier to propagate
along the upper ply orientation at 0//90 interface, resulting in a larger delamination area as observed by
TOF C-scan in Figure 5.

Additionally, the difference in the amount of resin distributed at different interfaces could affect the
occurrence of matrix cracking, thus affecting the delamination behaviour under the mode II dominant
loading condition. Since nesting of fibres could occur for the 0//0 interface, less resin could be
distributed between the two neighbouring plies, resulting in a thicker overall ply. For 0//90 interface,
since the two layers are crossed, more resin could be distributed between the two layers. The micro
matrix cracks would occur more easily in the region where more resin is distributed, thus resulting in
more delamination growth at 0//90 interfaces. However, in order to confirm the assumptions, detailed
microscopic observation needs to be conducted to observe the evolution of matrix cracks at the interfaces.

CONCLUSION

In this study, an experimental method was proposed to investigate mode II dominant planar delamination
behaviour under quasi-static out-of-plane indentation. The planar delamination patterns were depicted
through ultrasonic scanning techniques. DIC and AE were used to detect the initiation and propagation
of an embedded circular delamination. Cross-sectional observation was also performed to explore the
mechanisms of planar delamination behaviour. The following conclusions can be drawn:

Based on the force-displacement and compliance analysis, a continuous stiffening process was
observed. The load drops in the force-displacement curves corresponded to the surface cracking.
However, the stiffness degradation due to delamination growth is not visible in the force-
displacement or compliance curves.

The embedded circular delamination would propagate aligning with the fibre orientation of an
upper ply above the delaminated interface. Migration would occur in the direction where the fibre
orientation was perpendicular to the direction of delamination growth. The interface properties
have an impact on the planar delamination behaviour, resulting in a difference in the area of
delamination growth at different interfaces in composite laminates.

The surface strain from DIC analysis is not sensitive enough to detect the initiation of the embedded
delamination growth. The plateau stage of surface curvature curves can represent the occurrence
of delamination propagation. Accumulated AE energy provided reasonable estimations of the
critical displacement levels for both the initiation and propagation of the embedded planar
delamination.

By combining different measurement methods, the mechanisms of planar delamination can be
interpreted. The planar delamination patterns and the underlying mechanisms have been revealed in the
current study. Further qualitative and quantitative analysis needs to be performed to characterize planar
delamination behaviour, by achieving which it is promising to develop a more appropriate damage
evaluation method for real structures.
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