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This paper presents detailed experimental information on mode-II delamination development in fibre/
epoxy composite materials and provides observations about the process zone in the vicinity of the crack
tip. It is shown that the energy dissipated in delamination propagation is spent on two ways (i) creating
new fracture surfaces (delamination) and (ii) nonlinear shear deformation in the composite plies adja-
cent to the delaminating interface. Therefore, the nonlinear process zone is not restricted to the resin-
rich interface between the layers, but also extends into the fibre/epoxy composite layers. This is
different from the conventional assumption in modelling delamination using cohesive elements where
the fibre/epoxy layers are fully linear-elastic and the process zone is lumped at the plane of fracture.
Based on the accurately measured displacement field around the crack tip, the experimental traction-
separation relation at the interface is found to be trapezoidal which is again different from the con-
ventional bilinear cohesive law.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Delamination is a key limitation of composite materials.
Occurrence of delamination is attributed to intrinsically low inter-
facial strength of laminated composites and usually results in loss
of integrity of the structure and final failure. Several analytical
approaches have been suggested to predict delamination. The
initiation of delamination has been predicted by stress- or strain-
based criteria [1,2], and other analytical approaches based on
Fracture Mechanics have predicted delamination propagation due
to free edges [3], static indentation [4] and fracture of the low strain
material in Uni-Directional (UD) interlaminar hybrid composites
[5]. However, it is necessary to find a way to numerically model
delamination in more complicated problems.
vand).

r Ltd. This is an open access article
It is widely accepted that cohesive (interface) elements along
with interfacial cohesive laws can incorporate both stress-based
criteria and Fracture Mechanics and is able to successfully model
both initiation and propagation of delamination [6]. Implementa-
tion of the cohesive element approach is also quite straightforward
and as a result, it has been successfully used for modelling different
cases such as free-edge delamination [7,8], delamination induced
by transverse cracks [9e11] and delamination in UD hybrid com-
posites [12].

The mechanical response of cohesive elements is defined by the
interfacial cohesive models known also as traction-separation laws.
The area under the traction-separation law is assumed to be equal
to the absorbed energy during fracture and is associated with the
critical energy release rate. The interlaminar strength values are
also used to set the maximum value of stress in the cohesive
models.

Many of the quantitative experimental studies on cohesive
models have investigated the de-bonding process of adhesively
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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bonded joints to find the shape of the traction-separation law and
also studied the effect of adhesive layer thickness [13e19]. An
experimental method has been proposed in Refs. [16e18] to
determine the relationship between stress and elongation of a thin
adhesive layer between two steel sheets like a Double Cantilever
Beam (DCB) loaded in pure mode I. A similar approach has been
used for large scale fibre-bridging in DCB tests with UD laminates
[20,21] by applying non-equal pure bending moments to each
beam. To avoid the complexity of measuring crack length, a subtle
modification was suggested in Ref. [22] and the J-integral values
were calculated based on the applied moment and displacement at
the end of the DCB.

All of the aforementioned experimental studies assume that all
irreversible behaviour e.g. plastic deformation and damage, occur
only at the adhesive or thin interface between the layers which do
not experience any nonlinearity themselves. This is the same
assumption as when cohesive elements are used for delamination
modelling in the Finite Element (FE) approach and implies that the
damage process zone is “planar”with zero thickness [23]. However,
the assumption of a “planar” damage process zone has not been
experimentally verified in composite materials, and there are
experimental observations that do not agree with this assumption.
Wisnom, Cui and Jones performed a number of tests on UD glass
and carbon/epoxy specimens with cut central plies to study the
effect of various factors on delamination [24,25]. They showed that
the apparent interlaminar fracture toughness increases with the
size of the specimen and depends on the geometry of the specimen.
This conclusion is not intuitive if a planar damage process zone
based on linear elastic fracturemechanics is assumed. Recently, Van
Der Meer and Sluys [26] assumed a nonlinear shear response for
the glass/epoxy layers and showed that significant parts of the
adjacent layers around the delaminating interface experience
nonlinear deformation and contribute to increasing the interlam-
inar toughness. This conclusion is also different from the conven-
tional planar cohesive element assumption.

The aim of this paper is to study the phenomena of delamination
initiation and propagation in monolithic composite materials at the
layer interfaces and present new detailed experimental observa-
tions to further our understanding about the delamination devel-
opment. For this purpose, UD carbon/glass hybrid specimens with
cut central carbon layers are tested in tension and observed in-situ
using a Scanning-Electron Microscope (SEM). High-resolution
displacement fields are obtained through Digital Image Correla-
tion (DIC) at different tensile load levels as described in Ref. [27].
The obtained high-resolution displacement fields are then used to
Fig. 1. Top view of a UD hybrid specimen with central cut carbon layers and the contours
428 MPa tensile load. Arrows indicate the location of points with equal distance from the
extract different parameters relating to the interfacial delamination
such as the variation of separation between the layers, the shear
strain and the shear stress at the interface and within the adjacent
layers. The proposed method is fundamentally different compared
to the available studies on traction-separation laws and is not based
on any Fracture Mechanics assumptions.

It will be shown that significant parts of the layers adjacent to
the delaminating interface experience high shear strains and
contribute to energy absorption. This shows that the process zone
ahead of the interlaminar crack has a “volumetric” rather than a
“planar” shape and extends within the adjacent layers.
2. Experimental procedure

To achieve pure mode II delamination, UD glass/carbon hybrid
composites with central cut carbon plies loaded in tension as
schematically shown in Fig. 1 were selected. The specimen is
designed for stable delamination at the glass/carbon interface at
the applied tensile stress of 550MPa [27] and then theywere tested
inside the vacuum chamber of a SEM to record a high resolution
displacement field during delamination development and while
the specimen is under load. This simple test avoids the large out of
plane displacements of other standard mode-II fracture toughness
tests such as End-Notched Flexure (ENF), making in-situ SEM im-
aging less complicated. Multiple images (tiles) covering the central
part (~7 mm) of the specimen were recorded at subsequent nearly
constant stress levels from zero up to the interlaminar crack
propagation stress. The individual images were recorded with 10%
overlaps suitable for later stitching of the tiles and to achieve a high
resolution displacement field as shown in the bottom of Fig. 1 [27].

Fig. 1 shows a schematic of the specimen made up of 4 layers of
Hexcel E-glass/913 epoxy on either side and 10 layers of thin Sky-
Flex USN 020A carbon layers in the middle. The thickness of each E-
glass/epoxy ply is 0.144 mm and the SkyFlex carbon/epoxy ply is
only 0.029 mm thick. The experimentally measured y-direction
displacement obtained fromDIC of 11 stitched SEM images taken at
428 MPa applied load is also shown in Fig. 1.

Both carbon and glass prepreg layers had a similar cure cycle
with 120 �C maximum temperature. No further chemical details
were provided by the suppliers but previous experimental studies
[28,29] had confirmed compatibility, with a good adhesion be-
tween these different resin systems. The nominal free length of the
specimens was 30mm, and the nominal cross sectional dimensions
were 1.5 � 1.5 mm2.

To study the delamination development, it is necessary to record
of the experimentally measured y-direction displacement (uy) over the specimen at
cut for which uy is shown in Fig. 6.
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the displacement field while the specimen is under load. Therefore,
the specimens were tested in-situ inside an SEM chamber and
images were taken before delamination propagation at applied
stresses of 428 MPa, 499 MPa, and 536 MPa. At each load, several
digital SEM images were taken along the specimen and then
stitched together to obtain an integral high resolution image of the
delaminating interfaces and adjacent layers. Only one of the glass
layers in addition to the full carbon thickness is covered in the SEM
images to maximise the spatial resolution of the images. The ac-
quired digital images were correlated (DIC) to find the full
displacement fields at the load-steps with 3.91 mm spatial resolu-
tion. The details of the novel procedure for specimen preparation,
testing, in-situ SEM imaging and the measurement of the full
displacement fields of the delaminating interfaces are presented in
Ref. [27]. In the present study, the displacement field is taken as an
input and the interlaminar separation, shear strain distribution and
interlaminar shear stress values are found.

The selected configuration has some similarities to a double-lap
joint in terms of its symmetry at the mid-plane. However delami-
nation propagation is more stable in UD laminate specimens with
central cut plies than double lap ones allowing for step-by-step
analysis of delamination.

3. Characterising delamination parametersePost-processing
methods

The main parameters that help to understand the delamination
phenomena are the separation across the interface, the shear strain
and stress at the interface as well as within the layers close to the
interface. In this section, the post-processing method to obtain
these parameters is discussed and in the following section, the
obtained experimental results are presented.

3.1. Separation

Before delamination initiation, the interface is intact and both
layers move together so the separation between the layers is zero.
When the shear stress around the interface increases enough, the
interface starts to deteriorate and a higher gradient of y-direction
displacement is observed through the thickness around the cut. A
delamination crack can be said to initiate when the displacement
field has a discontinuity at the interface. Separation is the difference
between the displacements of the adjacent layers and can be well
estimated by subtracting the displacements of the centre of the
facets at the edge of the adjacent layers, as shown schematically in
Fig. 2. Usually 1 to 3 facets around the interface are not correlated
by the DIC software (see Fig. 1, around the cut) because of field
discontinuity or extensive distortion of the facets. But since the
distance between the centres of neighbouring facets (grid spacing)
is less than 4 mm, the deformation in these facets is negligible
compared with the separation as will be discussed in the next
section. Due to the small compressive stresses around the cut tips
[25], the loading can be assumed to be pure mode II around the
Fig. 2. Longitudinal displacement close to the interface causing pure mode-II
separation.
crack tip. Therefore the separation between the layers is expected
to have only a sliding component in the y direction (dy) as shown in
Equation (1) and the opening mode-I component of the separation
at the interface is expected to be zero, dx ¼ 0.

dyðyÞ ¼ uCarbon�edge
y ðyÞ � uGlass�edge

y ðyÞ (1)

3.2. Shear strain within the composite layers

The loading is pure mode II so the shear strain, gxy, as defined in
(2) is the most important strain component to study delamination.

gðx; yÞ ¼ vuy
vx

þ vux
vy

(2)

The shear strain generally depends on displacement compo-
nents in the x and y directions, but in this particular case, the
through-thickness displacement component (ux) was found to be
negligible so the shear strain will only depend on displacement in
the loading direction.

The initial assessments showed that the DIC results were
slightly noisy, so 4th order polynomials were fitted to the uy values
of points at similar initial y-direction distances from the cut. Among
different functions, this type of polynomial was found to give the
best matching results. Fig. 3 indicates the good match of the orig-
inal displacement and the curve fitted to the y-direction displace-
ment of points 0.6 mm away from the cut on the carbon layer. Since
the displacement field is discontinuous at the interface, the curve
fitting process was carried out separately for points on the carbon
layer and for the glass layers. The quality of the curve fitting for the
full length of the specimen will be shown in Section 4, Fig. 6 and
Fig. 7. The distribution of shear strain is found by differentiation of
the fitted curve at different coordinates, g(x,y).

3.3. Shear stress at the interface

The stress at the interface is equal to the stress at the edge of the
neighbouring layers which can be found using the shear strain
values as input and then the shear constitutive law. If thematerial is
linear-elastic, the distribution of shear stress can be found
straightaway by multiplying the shear modulus by the shear strain
distribution, txy ¼ G13gxy. However, fibre/epoxy composites show a
nonlinear response in shear and as a result, the shear modulus, G13,
decreases as the shear strain increases. Using the transverse isot-
ropy assumption for each ply, G13 and its variation can be estimated
Fig. 3. Displacement of points 0.6 mm away from the cut and the curve fitted to filter
out the noise.



Fig. 4. (a) Loading-unloading shear stress-strain curve of [±45]5s layup with thin SkyFlex USN 020A carbon layers (b) The density of external work, elastic energy and dissipated
energy versus applied shear strain.

Fig. 5. Schematic shear stress variation at the interface from unstressed area to fully
delaminated.

M. Jalalvand et al. / Composites Science and Technology 134 (2016) 115e124118
based on G12 values from a ± 45 shear test. A new set of tests with
thin SkyFlex USN 020A carbon layers and [±45]5s layup was per-
formed. Fig. 4 (a) shows the experimental results of the loading-
unloading shear test. Free-edge delamination was completely
suppressed due to the low energy release rates associated with the
thin-ply carbon/epoxy layers [30], so large shear strain values of
more than 30% could be obtained. Due to the high shear strains
achieved, it is necessary to take the fibre rotation into account as
discussed in Ref. [30].

This set of results was used to work out the total external work
applied on the material, the elastic energy density and dissipated
energy density as shown in Fig. 4 (b). To find the dissipated energy
for any maximum applied shear strain, a loading/unloading cycle
was assumed and the area between the loading and unloading
curves was taken as the dissipated energy density. The elastic en-
ergy density is equal to the area under the unloading curve. As
shown in Fig. 4 (b), the amount of strain energy at shear strains
above 2% is almost constant but the amount of dissipated energy
increases almost with the same rate as the external work. This is
mainly because at 2% strains and above, the shear stress-strain
curve completely deviates from initial elastic straight line and the
shear stress increases slightly with strain.

Along an interface with fully developed delamination, the
interface can be divided into three areas: i) fully delaminated
interface, ii) stressed and partially damaged interface and iii) no
interlaminar stress as shown in Fig. 5 where the variation of stress
is also shown schematically. Similar shear stresses exist at the edge
of the layers, next to the interface, which means that the material
around the interface starts to take load as delamination propagates
and after reaching the maximum value, the shear stress starts to
drop and the material starts to unload. The shear strain at the edge
of the layers also follows a similar pattern, starting at zero around
the unstressed area, deformed to a maximum value in the process
zone and then reducing in an unloading process zone. When there
is nonlinear stress-strain behaviour, it is crucial to know if a point is
in the loading or unloading phase in order to be able to find the
stress from the strain, and also the value of maximum shear strain it
has experienced, if it is in the unloading phase. This can easily be
done by a global search for themaximum shear strain at the edge of
the layers on each interface. The variation of shear strain at the edge
of the layers is shown in Fig. 10 and will be discussed in detail later.

To check the validity of the approach, a series of 2D Finite
Element simulations was run with the same geometry described in
Section 2 using Abaqus. Cohesive elements were applied between
the linear elastic glass/epoxy and carbon/epoxy layers. The dis-
placements of all nodes just before stable delamination propaga-
tionwere saved in a separate file. Then, a new file similar to the DIC
displacement field format was produced from the FE displacement
results file using a separate Matlab code. This new file was used as
the input to the developed procedures for finding the separation,
shear strain and stress as discussed in Sections 3.1e3.3. The ob-
tained traction-separation lawwas very close to the one assumed in
the FE modelling, confirming the validity and accuracy of this
method. More details of this analysis can be found in Ref. [31].

4. Results

In this section, the parameters related to delamination,
including the separation at the interface, shear strain and shear
stress in the carbon/epoxy and glass/epoxy layers are presented
using the methods discussed in Section 3.

The main displacement component over the whole specimen
occurs along the loading direction, y axis. The separation, shear
strain and shear stress values are all based on the distribution of
this component around the cut. Fig. 6 indicates the raw displace-
ment of individual points (uy) on lines which were initially
0.388 mm apart in the y direction. The location of these lines is
indicated with small arrows at the bottom of Fig. 1. Around the cut,
the displacement of points in the carbon/epoxy layer is significantly
larger than the displacement of the neighbouring glass/epoxy layer



Fig. 6. Raw displacements of points 0.388 mm apart along loading direction (uy) under (a) 428 MPa (b) 499 MPa (c) 536 MPa tensile far field stress.

Fig. 7. Fitted curves used in smoothing procedure for loading direction displacements (uy) at intervals of 0.388 mm apart under (a) 428 MPa (b) 499 MPa (c) 536 MPa far field tensile
stress.
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which can be interpreted as opening of the cut. The discontinuity
between the points on glass/epoxy and carbon/epoxy layers at the
interface close to the cut is clear and is an indication of interlaminar
separation and damage. But further away from the cut, the dis-
placements of both glass and carbon layers are equal to each other
showing that they are equally displaced in the y direction and there



Fig. 8. Separation at the top and bottom interfaces versus distance from the cut at different applied stresses of (a) 428 MPa, (b) 499 MPa and (c) 536 MPa, (d) Schematic of the
hybrid specimen with central cut plies.

Fig. 9. Process zone, fully delaminated and intact areas highlighted on the separation
variation of the bottom interface at 499 MPa applied stress.
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is no separation between them.
The data shown in Fig. 6 is the original unsmoothed data. To

calculate the shear strain and stress values, a curve fitting process
to smooth the data as discussed in Section 3.2 and shown in Fig. 3 is
implemented. Fig. 7 shows the curves fitted to the y-direction
displacements of the points at intervals of 0.388mm initial distance
along the specimen. The similarity of Figs. 6 and 7 indicates the
quality of the fitted curves over the whole specimen.
4.1. Separation of the interface

The value of separation between the glass/epoxy and carbon/
epoxy layers is maximum at the cut and reduces further away.
When there is no separation between the layers, the interface is
intact whereas high values of separation means that damage has
initiated at the interface. The variation of separation against dis-
tance from the cut for three different load levels is shown in Fig. 8
(aec). No smoothing has been done and the obtained separation
results are simply the subtraction of uy from the correlated edge
facets on the glass/epoxy and carbon/epoxy layers. The results are
shownwith single markers in grey and black for all facets along the
top and bottom interfaces respectively as indicated in Fig. 8 (d).

At the lowest applied load of 428MPa, the separation at both top
and bottom interfaces are almost equal, showing the symmetry of
the separation with respect to the mid-plane on both surfaces. But
at higher load levels, the separations at the same distances on the
top and bottom interfaces are different as shown in Fig. 8 (b) and
(c). This non-symmetry is worse at 536 MPa where the separations
at the top and bottom interfaces are about a factor of 2 different for
points close to the cut.

The length of the process zone can be estimated from the
variation of separation along the interface. The separation distri-
bution of the bottom interface at 499 MPa stress is depicted in
Fig. 9. Three different zones can be distinguished based on fitting
straight lines to the beginning and end sections of the curve: i) fully
delaminated interface, ii) stressed and partially damaged interface
and iii) region with no interlaminar stress. In the bottom of Fig. 9,
the distribution of deformation in the y-direction (uy) for the same
load and only the relevant part of the specimen is shown. The glass,
carbon and interface layers are marked and the length of the
specimen is matched with the y-axis on top.

Close to the cut, there is a clear distinction between the y-di-
rection displacement (uy) values in the carbon and glass layers,
which indicates a significant displacement jump at the interface.
Also there is no significant gradient of displacement in the carbon
layer which means that this layer is not strained in the y-direction.
The separation in this region is proportional to the distance from



Fig. 10. Shear strain at the edge of the of the carbon layer along the top and bottom interface versus distance from the cut at different applied stresses of (a) 428 MPa, (b) 499 MPa
and (c) 536 MPa, (d) Schematic of the hybrid specimen with central cut plies.
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the cut and can be fitted with a straight line. Such a linear variation
takes place when the glass layer uniformly elongates and the car-
bon layer stays at its initial length. This means that the interlaminar
crack is fully developed and there is no shear stress between the
glass and carbon layers. Faraway from the cut, there is no shear
stress at the interface, the value of separation is theoretically zero
and it can be correlated with a straight horizontal line. The process
zone length is estimated to be around 1.4 mm. The very low non-
zero separation value at points far away from the cut is only
because of the non-symmetric delamination propagation, produc-
ing a small rotation of the specimen and can be neglected. The
results in this figure are all original non-smoothed data obtained by
subtracting uy of the facets on either side of the interface as dis-
cussed in Section 3.1.
4.2. Shear strain at the edge of the carbon layer

As discussed earlier in Section 3.2, the slope of the fitted curves
at the edge of the carbon layer represents the shear strain there.
Fig.10 (aec) indicates the variation of this shear strain along the top
Fig. 11. (a) Shear strain at the edge of the carbon layer against interface separation at 428 M
and bottom interfaces for the three applied loads. For 428 MPa
tensile stress, the shear strain values along the interfaces are almost
equal for points with similar distances from the cut. Far away from
the cuts, the shear strain is equal to zero but it increases to a
maximum value of about 9e10% at 0.7 mm from the cut. The shear
strain then reduces at distances less than 0.7 mm to values of about
5%e6% at the cut.

At higher applied stresses, 499 MPa and 536 MPa, the shear
strains at similar distances from the cut are not equal and their
pattern along the x axis is not symmetric anymore. This is similar to
what has been observed in the separation distribution at higher
loads and is due to asymmetric delamination along the top and
bottom interfaces. Such asymmetry can also be seen in the y-di-
rection displacement for the cases with higher tensile loads shown
in Fig. 6 (bec).

For 428 MPa applied tensile stress, where damage around the
cut is symmetrical, it is possible to plot the shear strain variation at
the edge of the carbon layer against interface separation as shown
in Fig. 11 (a). The shear strain and separation are approximately
proportional up to the maximum shear strain at 2e3 mm
Pa tensile stress (b) Shear stress versus separation obtained at 428 MPa tensile loading.
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separation. At larger separations, the shear strain drops from the
maximum value of about 9e10% to a constant value of about 5e6%.
This clearly shows that the shear strain in the carbon layer along the
interface has three phases: (i) a loading phase where the strain is
increasing with separation, (ii) an unloading phase where the shear
strain reduces with interface separation increase and, (iii) an
unloaded phase where the shear strain is approximately constant.
The drop in strain from themaximumvalue to the constant value at
high separations in Fig. 11 (a) is about 4%. The shear test results
shown in Fig. 4 (a) indicates that when the specimenwas unloaded
from 9.7% tensile strain, the elastic strain was about 4.7% and the
specimen had almost 5% permanent deformation. These values are
reasonably similar to the elastic and permanent deformation of the
points at the edge of the carbon/epoxy layer and support the
argument that these points have previously experienced higher
shear strains and are now unloaded.

4.3. Shear stress at the interface

As shown in Fig. 4 (a), the carbon layer is highly nonlinear in
shear and to find the shear stress at the interface, such nonlinear
shear stress-strain relation should be used. As discussed in the
previous section, the variation of shear strain versus separation has
three phases: (i) a loading phase where shear strain and separation
are proportional, (ii) an unloading phase where the shear strain
reduces from the maximum value to an approximately constant
value and (iii) a completely delaminated phase with no further
change in shear strain as separation increases. The stress of the
points in the loading phase can easily be found by using the shear
stress-strain response of the material which is quite similar to the
loading curves shown in Fig. 4 (a), but to find the value of shear
stress in the unloading phase, it is important to know the
maximum strain each point has experienced and is unloaded from.
Finding the maximum shear strain each point individually has
experienced is not possible. Therefore, it is assumed that the
maximum shear strain of all points in the unloading phase is equal
to the maximum shear strain along that half-interface. This
maximum value on each half-interface was therefore used to
separate the loading and unloading phases as shown in Fig. 11 (a)
and thenwas used to work out the stresses in the unloading phase.

Fig. 11 (b) shows the obtained experimental traction-separation
for 428 MPa tensile stress. The responses at both interfaces on the
right and the bottom interface on the left are quite consistent but
the top left interface is noisier. The shape of the traction-separation
response is fairly similar to a trapezoid which is quite different from
the conventional bilinear traction-separation laws usually used in
FE modelling. For mode-II fracture of bonded joints, similar shapes
of traction-separation behaviour have been reported [14,15].

In all four traction-separation curves (two for the top interface
and two for the bottom interface), the final part has a small non-
zero stress value. This might be for two reasons: friction and/or
smoothing of the DIC data. Due to the compressive stresses around
the cut tip, friction can apply some shear to the carbon layer. On the
other hand, the smoothing process used for finding the shear
strains slightly reduces the maximum shear strain value on each
half-interface. With a slightly higher maximum value for the shear
strain on each half-interface, the final parts of the traction-
separation curves could be equal to zero.

4.4. Vicinity of the crack tips

Variation of the separation as well as the shear strain and stress
of the carbon layer at the interface has been presented in Sections
4.1e4.3. In this part, the distributions of shear strain in the carbon/
epoxy and glass/epoxy layers are presented. As discussed in Section
3.2, the slope of the curves fitted to the y-direction displacements
(uy) at different points with constant distance from the cut repre-
sent the shear strain. The samemethod is used here towork out the
shear strain distributionwithin the whole layers and the results for
the carbon/epoxy layer and a part of the bottom glass/epoxy layer at
three different tensile stresses are shown in Fig. 12 (a). The shear
strain in the top glass/epoxy layers was not plotted since that layer
was not fully scanned by the SEM. The value of shear strain in the
glass/epoxy layer far away from the interface is zero and therefore
only a part of the glass/epoxy layer close to the interface is shown in
Fig. 12 (a). Two separate curve fitting processes were applied for
each carbon/epoxy and glass/epoxy layer. At the interface, there
were usually a few missing facets in the DIC procedure, so the
horizontal white lines between the carbon and glass/epoxy layers
reflect the interface location. Around the cut, the DIC output data
had several missing facets, so the curve fitting procedure was not
accurate and the strains are not plotted. The narrower vertical
white lines in the carbon/epoxy layers are again where the DIC
process was not successful and the displacement of those points
was not found. These lines are usually located at the boundary of
SEM mosaic images stitched together with the procedure
mentioned in Section 2. To show the shear strain variation through
the thickness more clearly, different scales are chosen for the X and
Y axes, as shown in the corner of Fig. 12 (a).

High gradient values of shear strain show the process zone
where the material is deteriorating. At 428 MPa tensile stress, the
highly sheared areas are quite close to the cut whichmeans that the
delamination process zone has not fully developed at this load. At
higher loads, the highly sheared areas especially with positive shear
strains have travelled away from the cut, which shows that de-
laminations at those areas have propagated. The distance between
the areas with high positive shear strains and the cut is significantly
larger than that between the areas of high negative shear strains
and the cut (e.g. compare the positions of the red and blue areas at
the bottom interface at 536 MPa tensile stress). This means that the
delamination length on both sides of the cut is not symmetric. Such
an asymmetry has also been observed directly in the SEM images.

Fig. 12 (a) indicates that a significant part of the thickness of
each layer has been sheared more than 2%. According to the shear
stress-strain response of the carbon layer shown in Fig. 4 (a), at
shear strains larger than 2%, the shear response of the carbon/
epoxy layer is largely inelastic. This means that a significant volume
of the carbon/epoxy layer adjacent to the interface has experienced
substantial nonlinear shear deformations. Such deformation ab-
sorbs energy in addition to the energy spent on producing the
delamination fracture surfaces.

The variation of shear strain through the carbon layer thickness
at 0.6 mm distance from the cut at 428 MPa stress is shown in
Fig. 12 (b). The position of these points are highlighted with a red
arrow in Fig. 12 (a) as well. The shear strain varies from 7.9%
to�9.0% through the carbon layer thickness and about 0.050mm of
the total thickness on each side is sheared by more than 2%,
experiencing nonlinear deformation according to Fig. 4 (a). The
thickness of the carbon layer from the digital correlation images is
0.246 mm, which is 44 mm less than the nominal thickness. This is
mainly because of missing facets close to the interface during the
DIC procedure. Therefore, the thickness of the highly sheared area
is even higher than the measured value of 50 mm on each side.

This observation is different from the conventional assumption
applied in FE delamination modelling with interface/cohesive ele-
ments where each composite layer is assumed to behave in a linear
elastic way and the cohesive elements are the only entity which has
nonlinear behaviour. Fig. 12 (b) shows that about 30% of the volume
of the carbon/epoxy layer has been sheared by more than 2% and
therefore has experienced plastic deformation. Similar high shear
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strain values are also seen in the glass/epoxy layers, close to the
interface. The energy consumed by this nonlinear deformation is
irreversible and contributes to the total dissipated energy during
delamination propagation. Therefore, the process zone has a finite
thickness of about one third of the whole carbon/epoxy layer
thickness (100 mm) in total for both sides of the carbon layer rather
than being confined close to the plane of fracture. This means that
the process zone has a volumetric shape as shown in Fig. 12 (a).

The area under the traction-separation curves shown in Fig. 11
(b) is about 0.3 N/mm and is different from the typical GIIC values
for similar materials (about 1.0 N/mm) measured from energy
release rate equations described in Ref. [25]. Such a big difference is
for two main reasons: The load at which this curve was produced
was less than the load at which delamination stably propagates and
(ii) a part of the apparent toughness is due to the dissipated energy
due to nonlinear deformation in the adjacent layers which is not
included in the traction-separation response obtained from the
interface. The reason for not evaluating the traction-separation law
at higher loads is mainly because it was harder to identify a value
for the maximum shear strain on the interfaces and therefore, the
shear stresses were found to be less reliable. However, this does not
affect the previous conclusion about the contribution of the carbon
and glass layers to the apparent toughness of thematerial since that
was independent of the shear stresses and was based only on the
shear strain values that are believed to be accurate and reliable.
5. Discussion and conclusion

The test method used to determine the displacement field data
[27] and the proposed post-processing method in this paper are
novel approaches to obtain detailed information about delamina-
tion propagation. Compared to previous methods based on the J-
integral, themain advantage of this method is that it is not based on
the assumptions of FractureMechanics and both the separation and
shear strain values are found solely from the displacement field
data. The shear stress values are also found using the experimental
shear stress-strain curve so it involves less assumptions compared
to previous approaches [16e18,20e22] and can help to understand
the nature of the problem. This study has helped to provide a more
profound knowledge about the displacements, strains and stresses
in the vicinity of delaminations which is not necessarily consistent
with the assumptions of conventional Linear Elastic Fracture
Mechanics.

The full distribution of shear strain over the specimen surface
(Fig. 12 (aeb)) shows that the process zone where material de-
teriorates and energy is dissipated extends well into the carbon/
epoxy and glass/epoxy layers, and so has a finite volume. This
observation contrasts with the conventional assumption in
modelling delamination in composite laminates where the layers
are assumed to be linear elastic, bonded by cohesive elements with
zero or negligible thickness. In reality, the dissipated energy in the
highly sheared areas of the composite layers adjacent to the
delaminating resin rich interface adds to the energy dissipated in
formation of new fracture surfaces. Both these parts of the dissi-
pated energy are lumped together when the apparent fracture
toughness is measured. The dissipated energy in the layer depends
on the volume of the layers experiencing high shear strains and
therefore depends on the absolute thickness of the material. This
suggests that the measured apparent fracture toughness depends
on the geometry of the specimen. The dependency of the apparent
fracture toughness on the thickness of the layers in UD specimen
with central cut was previously reported in Refs. [24,25] and was
numerically studied in Ref. [26]. The findings in this paper are in
agreement with those reports on such a dependency and provide
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possible explanation of the effect.
The traction-separation law found in this study has a trapezoidal

shape (Fig. 11 (b)) which is again different from the conventional
bilinear ones usually applied in delamination modelling using
cohesive elements.
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