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ABSTRACT

Keywords

Coupling between intralaminar and interlaminar damage plays a significant role in accurately predicting
delamination and final failure. However, insufficient experimental data are available for models of this phe‐
nomenon. In this paper, we proposed a two-step experiment on cross-ply laminates to quantitatively study
the influence of in-plane strain on the interlaminar fracture toughness. First, we performed a tensile test on
the
cross-ply laminates to introduce various extents of intralaminar damage. Next, we bonded a
backing adherend of
plies to the cross-ply, so we could probe the delamination properties through a
subsequent double cantilever beam (DCB) test. We identified the effective fracture toughness
by the
compliance calibration method. We found that intralaminar damage promotes fiber bridging in the trans‐
verse direction, which finally influence the out-of-plane properties significantly.
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1. Introduction

Recent decades have seen the rapid deployment of light and high
strength materials in the aerospace industries. Carbon fiber-rein‐
forced polymer (CFRP) composites have strong in-plane strength and
excellent corrosion resistance compared to aluminum alloy. Thus,
their damage mechanisms and the relevant modeling approaches
have been extensively studied [1–3]. The failure process of lami‐
nated composites is complex, including diffuse matrix damage, trans‐
verse cracks, local delamination, fiber breakage and/or buckling/de‐
lamination [4–6]. Depending on the exact material properties, stack‐
ing sequence and boundary conditions, the dominant failure mecha‐
nisms can vary significantly resulting from the combination of the el‐
ementary mechanisms cited above.
One of the most critical degradation modes of laminated compos‐
ites is delamination. Due to the relatively low strength of the matrix,
laminated composites are quite weak under out-of-plane loading. A
tool drop during maintenance could cause delamination at the inter‐
face between layers with different orientations [7], and result in
barely visible impact damage (BVID). BVID does not significantly af‐
fect the tensile strength; however, it could significantly decrease the
residual strength under compressive loading, leading to a cata‐
strophic failure [8]. For this reason, predictive delamination models
have raised massive interest from both industry and academic fields.
For any macroscopic propagation of cracks, delamination is com‐
posed of two main stages: the initiation stage, followed by the propa
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gation stage. Initiation is usually triggered by stress concentrations
arising from geometrical singularities (edges, holes, etc.) or intralam‐
inar artifacts such as transverse cracks. Many studies showed this es‐
sential role of transverse cracking onto delamination by performing
tensile loading or impact tests [9,10]. For example, using CT images
of the delaminated area in a quasi-static indentation (QSI) test, Abis‐
set et al. [11] clearly demonstrated that transverse cracks in adja‐
cent plies correlate with delamination area. Patrick et al. [12] per‐
formed a uniaxial tension test on different ply orientations to study
damage initiation and propagation. The resulting X-ray images indi‐
cated that the delamination initiated from the surrounding trans‐
verse cracks.
During the propagation stage, delamination toughness is charac‐
terized by the joint contribution of local (deriving the point-to-point
failure of the adhesive of the interface of the joint) and non-local dis‐
sipation such as fiber bridging. Such a non-local contribution gener‐
ally increases resistance towards delamination, as shown in the Rcurve [13,14]. Moura et al. evaluated the bridging effect by cutting
the bridging fibers during crack propagation in interlaminar and in‐
tralaminar mode I fracture test [15]. They found that fiber bridging
accounts for 60% of the measured energy dissipated during interlam‐
inar delamination propagation. They also showed that due to more
fiber bridging, the intralaminar fracture toughness is higher than the
interlaminar one. After cutting the bridging fibers, the fracture
toughness for interlaminar and intralaminar are quite similar. This
suggested that, while the toughness related to the local part of the
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fracture toughness. We performed endoscopy and CT-scan analysis to
study the fiber bridging morphology. We also conducted tests with a
different width to support our findings. Section 4 concludes this pa‐
per with some general remarks about our results can be the starting
point for future works aiming at enhancing classical modeling ap‐
proaches.
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dissipation is a material property, the dissipation due to bridging is a
structural effect. Farmand-Ashtiani et al. [16] conducted DCB tests
with different adherent thicknesses. They showed that the variation
of the beam’s curvature in the bridging zone due to different thick‐
ness changed the rate of traction decay, leading to a different steady
energy release rate (ERR).
In all cases mentioned above, the analyses were performed on
pristine laminates. During the the lifetime of a structure, the lami‐
nate could be pre-damaged due to in-plane loading. To the authors’
knowledge, only a few studies have been done on how the intralami‐
nar damage influences the subsequent delamination resistance.
Huchette et al. [17] designed a two-step test in which they first per‐
formed a tensile test on
to create transverse cracks in
plies. Then, they introduced a notch at the middle of
plies to trig‐
ger delamination when the laminate was pulled apart. They found
that by introducing more intralaminar damage, the propagation of
the delamination between the 0/90 interface occurs earlier. How‐
ever, the load measured from such tests was dominated by the
plies rigidity, and large scatters of experimental results were ob‐
served. Therefore, they cannot characterize the change in delamina‐
tion toughness due to the intralaminar damage.
In this paper, we designed a two-step experiment on cross-ply
laminates to quantitatively characterize the coupling effect between
the intralaminar damage and interlaminar property. First, cross-ply
laminates were pulled at different strain levels to create
various extents of intralaminar damage (transverse cracking density).
Next, a backing adherend of
plies was bonded to each side of
. Then, we performed double cantilever beam (DCB) tests on
these back bonded
samples, where ’ ’ denotes the back
bonding position. The effective fracture toughness
was finally
calculated based on ASTM standard D5528 [18]. This original exper‐
imental strategy provides direct information about the influence of
the in-plane loading on the out-of-plane properties; thus, modeling
parameters can be identified accurately.
Following this introduction, Section 2 describes the experimental
procedures and materials in detail. Section 3 presents the experimen‐
tal results of the DCB test on pre-damaged samples. We evaluated
the influence of various in-plane tensile strain level on the effective

2. Experiments

2.1. Proposed experimental procedures
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We designed a two-step experiment on cross-ply laminates to
quantitatively characterize the change in interlaminar property due
to various intralaminar damage levels (see Fig. 1). In the first step,
the cross-ply
samples were pulled up to specific in-plane
strain levels (from
to
with 0.2% interval) to introduce a wide
range of transverse crack densities. The maximum strain of 1.4% was
chosen right below the expected fiber breakage. For each strain
level, we tested five samples to ensure statistically representative
data. An Instron 5882 test frame (100 kN load cell) was used and
strains were measured using a built-in Instron video extensometer.
The loading speed was set at 1 mm/min to reach a constant strain
rate level of
/s, a low enough rate to be considered as quasi-sta‐
tic loading. We stopped the tensile frame when the targeted strain
level was reached. Note that a small deviation might exist between
the targeted strain and the stopping strain due to the loading system.
Yet, the real applied macroscopic strain was always used as a refer‐
ence and is the value reported in all tests.
While observation of transverse cracking is convenient in glass
fiber-based laminates due to its transparency [19], counting trans‐
verse cracks in carbon fiber-based laminates requires special care. It
is not transparent, and therefore, X-ray with zinc iodide are usually
used to count the transverse cracks [20] and to clearly identify
whether these are fully percolated throughout the full width of the
samples. Yet, interrupting the test and using zinc iodide may influ‐
ence the response of the laminate [21,22]. In this work, we manu‐
ally counted the number of transverse cracks by imaging the free
edge of the sample. These images were taken by a DSLR camera at‐
tached to a Questar QM100 long-distance microscope. We assumed

Fig. 1. Experimental plan of DCB after tensile test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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7 bar. The pressed prepregs were then heated up from room temper‐
ature to
for 2 h with a heating rate of
to form a plate.
Finally, the plate was cooled down to room temperature at the speed
of
.
We cut the plate using a Protomax water-jet cutting machine to
the intended sample size of 20 mm width and 260 mm length. Note
that a single layer of aluminum foil was inserted in the middle of the
plate to create a 20 mm long pre-crack to accommodate the
subsequent DCB test. We chose a 20 mm long pre-crack, instead of
the standard 50 mm pre-crack [18], to avoid crushing and slipping
due to grip compression while doing the tensile test. For the tensile
test, tabs were glued to the sample for proper load transfer. The tabs
were cut from a
glass fiber/epoxy plate. For the DCB test, alu‐
minum blocks were glued to the back-bonded tensile-tested samples (
). All glue used in this work was Araldite 420 epoxy ad‐
hesive. The actual dimension of each sample was recorded for the
calculation of interlaminar toughness.
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that the number of transverse cracks appearing at the edges is equiv‐
alent to the number of fully percolated cracks, as shown in [23].
This is also supported by the work of Nairn et al. [24], where for
in the
laminates, the edge crack will instantaneously
extend to the full width of the sample. This condition was fulfilled in
our stacking sequence (m = 2, n = 2).
The pre-damaged samples were subsequently subjected to a DCB
test following the ASTM standard D5528 [18]. To follow the thick‐
ness (3 to 5 mm) recommended by the ASTM standard, we backbonded a
unidirectional ply to each side of the pre-damaged
sample to provide extra bending stiffness [25–27], resulting in a
sample. Such a back-bonding strategy enabled us to per‐
form a tensile test with a thin
ply and hence, the 1.4% tensile
strain level could be achieved by the available load cell (100 kN) in
our research facility.
Uniform pressure was applied across the samples, utilizing
clamps to ensure proper back-bonding. Then, they were put inside
an oven at
for at least four hours to accelerate the curing
process. Aluminum blocks were then glued to the DCB samples and
the DCB tests were carried out with an Instron 5882 test frame
(500 N load cell) at a speed of 2 mm/min following the ASTM stan‐
dard D5528 [18]. The compliance calibration (CC) method was used
to calculate the effective toughness
(see [18] for more details).
Note that the DCB test may result in an unsymmetrical DCB crack
propagation since delamination migration may occur and the crack
may propagate along the 0/90 interface. Therefore, we opted to use
the term ”effective” toughness instead of mode I toughness. We per‐
formed an additional study based on finite element simulations, and
we found that the maximum mix mode ratio of
is around
90%. Thus, the measured effective toughness
is largely domi‐
nated by mode-I fracture toughness, and hence, the test can be a
valid method to evaluate mode I behavior.

3. Results and analysis

3.1. Crack density and effective
observations

: summary of experimental
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Fig. 2(a)–(d) show pictures of a sample taken at different loca‐
tions and different transverse crack densities. The observation zone
to calculate transverse crack density is 72 mm wide from the middle
of the samples. Since the camera can cover a 4.5 mm wide view, we
needed to take 16 pictures for each sample at each strain level.
Fig. 3 illustrates the transverse crack density evolution with re‐
spect to in-plane strain levels. Here we defined the transverse crack
density as the number of discrete transverse crack N divided by the
observation length L and the thickness of the
plies H (i.e.
). The data was collected from 10 tensile-tested sam‐
ples. Five of them were loaded up to 1.4% strain, and the rest were
up to 1.2% strain. 1.2% and 1.4% are the strain levels that can cover
the whole range of the transverse crack density evolution. Thus, we
can already observe a clear trend based on these 10 samples. The
first transverse crack initiates around the strain of 0.3%. After the
initiation, the transverse crack density increases quickly from the inplane strain of 0.3% to 0.8%. At strain level higher than 0.8%, the
transverse crack density growth rate slows down, revealing a satura‐
tion of this mechanism that is a very classical observation [23,28].

2.2. Materials and specimens

The materials were aerospace-grade unidirectional carbon fiber/
epoxy prepregs (HexPly T700/M21, Hexcel) with a fiber volume
fraction of 57% and thickness of 250 microns. First, the
mm2 prepregs were stacked following the intended stacking se‐
quence. We applied a one bar vacuum to the prepregs to remove
trapped air. We then cured the prepregs under a hydraulic hot-press
machine (Pinette Emidecau Industries 15T) with a gauge pressure of

Fig. 2. Examples of different transverse crack densities. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this arti‐
cle.)
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tion
was unexpected and we present in the following sections a
possible explanation based on the competition between the trans‐
verse-cracking-induced fiber bridging and transverse-cracking-in‐
duced local delamination.
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3.2. Analysis of the side-view morphology

We investigated the fracture morphology of DCB samples from
the side view using an optical microscope to understand the cause of
this parabolic evolution of
as described above. Fig. 5(a)–(c) show
the side view of a representative sample selected from various inplane strain levels (i.e., 0%, 0.4%, and 0.8%). It shows that various
fracture modes may occur for different in-plane strain levels. For ex‐
ample, in samples with a low in-plane strain level (i.e. below 0.2%),
the delamination crack propagates along with the 0/90 interface,
leaving a smooth fracture surface. There was no migration observed
during the delamination process. We observed limited transverse and
bridging. Here we defined a transverse bridging as fibers connect‐
ing upper and lower surface in a
(transverse to loading) direc‐
tion.
For samples with an in-plane strain of
, there were several
migrations observed during the delamination propagation due to the
initiation of transverse cracks introduced during the tensile tests.
Such bridging is probably due to the transverse cracks, introduced in
plies, which promote random strength (defect) distributions. This
opens possibilities to form bridging, which results in an increase of
.
At higher in-plane strain levels (from
to
), the density of
transverse cracks increases dramatically, and thus, the spacing be‐
tween the two adjacent transverse cracks becomes smaller. More mi‐
gration attempts and random damage are introduced, which finally
resulted in more opportunities to form transverse bridging. Thus the
propagation
increases with the growth of transverse crack den‐
sity. With a further increase of the in-plane strain (above
), the
transverse crack density gradually reaches a saturation limit. In this
case, the spacing does not increase anymore, yet the local delamina‐
tion may appear. Such local delamination reduces the effective bond‐
ing area between the 0/90 interface. This finally leads to a decrease
of propagation .

Fig. 3. Transverse crack density evolution with respect to in-plane strain. (For inter‐
pretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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We now evaluate the effect of pre-tensile strain level on the inter‐
face property (i.e. effective fracture toughness). The propagation
is based on the average of the measured
from an incremental
crack length of 50 mm to the end. Fig. 4 shows the evolution of
propagation
and transverse crack density as the preset in-plane
loading increases. The red circles represent the propagation
while
the blue dots are the transverse crack density. The red and blue solid
lines represent parabolic and exponential fitting curves for the evolu‐
tion of propagation
and transverse crack density, respectively. In‐
terestingly, although the transverse crack density monotonically in‐
creases, the propagation
experiences a parabolic trend with its
maximum value around the strain of 0.8%. The propagation
in‐
creases from 0.2% to 0.8% in-plane strain, which corresponds to the
regime where transverse cracking density increases rapidly. Above
the strain of 0.8%, the propagation
decreases, whereas the trans‐
verse crack density stabilizes. Noted that the large increase in
,
more than 60% between its minimum and maximum values, is ex‐
pected to play a major role in the propagation of macroscopic delam‐
ination. Therefore, understanding this coupling mechanism between
in-plane loading and delamination properties is key for designing ac‐
curate predictive modeling tools. The parabolic trend in the propaga

3.3. Fiber bridging analysis
Our previous results suggest that transverse bridging strengthens
the effective toughness. However, it is difficult to justify the presence
of fiber bridging just by using side-view images. In this subsection,
we performed in-situ endoscopy imaging and a computed tomogra‐
phy CT-scan to observe the fracture morphology around the delami‐
nation tip. The endoscopy is non-intrusive as we were very careful to
not perturbate the loading or the degradation pattern during obser‐
vations of the crack tip.
3.3.1. Endoscopy image
Fig. 6 shows two representative DCB samples (W20S0.8#3 and
W20S0#5) with preset in-plane strains of
and
, respectively.
This shows a clear difference in damage phenomenology between
the two samples. With low levels of in-plane strain, the delamination
crack tip is quite clean and smoothly goes between the 0/90 inter‐
face (Fig. 6(c)–(d)). For the in-plane strain of
, there are quite a
lot of migration attempts. Extensive transverse bridging is intro‐
duced during the DCB test. The massive transverse bridging that con‐
nects the top and bottom beam in Fig. 6(b) primarily strengthens the
local toughness and participates in the development of a larger
process zone, thus ensuring more dissipation when bridging is acti‐
vated as a non-local dissipating mechanism [29]. Fig. 7 shows the

Fig. 4. Comparison of the propagation
evolution and transverse crack density
evolution. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 5. Side view of the DCB samples using optical microscope. The label W20S0.4#5 means sample with 20 mm width, tensile-tested up to strain of 0.4%, and #5 means the
fifth sample of this group. Following this nomenclature, (a), (b), (c), correspond to 0%, 0.4%, and 0.8% in-plane pre-strain respectively.

Fig. 6. Endoscopy image at the incremental delamination length around 45 mm for two representative samples. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

R-curve of these two representative samples. With extensive trans‐
verse bridging (when the crack tip reaches 45 mm) in sample
W20S0.8#3, the
increases significantly from 45 mm to 55 mm.
While for the sample of W20S0#5, in which no transverse bridging
is formed, the R-curve is more flat and stable, revealing a constant
dissipation only ascribed to the local separation of the interface.

opening by inserting a block in the mouth of the sample. Then we
removed the sample from the loading frame and put it into the CT
room. Fig. 8(a)–(d) show the cross-section of different positions from
35 mm to 49 mm, where crude fiber cluster can be seen connecting
the top and bottom beam. Fig. 9(a)–(c) show the transverse bridging
from different angles, which clearly prove the extensive transverse
bridging of fiber clusters.
Fig. 7 shows that the R-curve of sample W20S0.8#3 fluctuates
significantly, unlike the normal case where the dissipation increases
with the crack propagation and gradually reaches a stable value.
This fluctuation is due to the formation and breakage of the trans‐
verse bridging zone. Fig. 10(a) shows the original P - curve of sam‐
ple W20S0.8#3 and W20S0#5. From the opening of 40 mm to

3.3.2. CT-scan image
In the previous subsection, endoscopy imaging reveals the exis‐
tence of transverse bridging, as in Fig. 6(b) for sample W20S0.8#3.
We used a computed tomography (CT) in sample W20S0.8#3 to take
a closer observation of the delamination crack tip. We stopped the
DCB test when the crack tip reached 49 mm and maintained the

5
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For the samples with 0% in-plane strain, the delamination crack
propagates smoothly between the 0/90 interface. In this case, we ob‐
served minimal transverse bridging and
bridging from CT-scan
images. Fig. 11 shows the limited transverse bridging and
bridg‐
ing in sample W20S0#3. The toughness and reaction force of sample
W20S0#3 is still at the same level as sample W20S0#5, (Fig. 12)).
This confirmed our finding by using the side-view images obtained
by an optical microscope.
3.4. Width effect on the transverse bridging

As we proved that the increase of propagation
of samples with
in-plane strain up to 0.8% is due to the creation of transverse bridg‐
ing, we expected the extra dissipation provided by such transverse
bridging to be width-dependent. We performed additional tests with
a sample width of 10 mm. Two strain levels (0% and 0.8%) were
tested to confirm the hypothesis. Fig. 13 compares the propagation
of 10 mm and 20 mm samples. For the 10 mm wide samples, the
increase of
from 0% to 0.8% is much smaller compared to the
20 mm wide samples. Wider samples provide longer transverse
bridging, which requires more energy to break. Thus, the larger the
width of the samples, the higher propagation
observed. This re‐
sult also proves our theory that the increase of propagation
from
0% to 0.8% in-plane strain is mainly due to the transverse bridging
zone. The effect of the transverse bridging zone can be removed us‐
ing a very narrow width sample.

Fig. 7. R-curve of two representative DCB samples with in-plane strain of 0% and
0.8%. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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52 mm for sample W20S0.8#3, the reaction force increases monoto‐
nically, whereas the crack length does not increase. During this pe‐
riod, the energy is stored through fiber bridging formation and as
elastic energy in the created bundles. Once the stored energy reaches
its critical threshold (that we see here when the opening reaches
52 mm), the bridging breaks abruptly and the crack propagates in‐
stantaneously. This results in a sudden decrease in the reaction force.
Such a process is then repeated several times until the whole DCB
sample delaminates.

4. Conclusions

We studied the influence of intralaminar damage on effective in‐
terlaminar properties through a novel two-step mechanical test.

Fig. 8. CT-scan images for representative sample with in-plane strain of 0.8%. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 9. Different angles to show the transverse bridging of sample W20S0.8#3. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 10. Original P – curve of two representative samples with in-plane strain of 0% and 0.8%. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

First, we performed a tensile test on the
cross-ply laminates
to introduce various extents of intralaminar damage. Next, we
bonded a backing adherend of
plies to the cross-ply, followed by
a double cantilever beam test. With different levels of intralaminar
damage introduced into the middle
plies, the delamination prop‐
agated in various modes.
For a lower level of in-plane strain when there was no transverse
crack initiated inside the
plies, the delamination propagates
along with the 0/90 interface leaving a smooth fracture surface. We
observed only limited
fiber bridging and transverse bridging.
For intermediate in-plane strain levels (from 0.4% to 1.0%), the
transverse crack density increased rapidly. More migration and ran‐
dom strength/defect distributions were produced. This facilitated the
formation of extensive transverse bridging, leading to a strengthen‐
ing of the toughness significantly by the introduction of a new nonlocal dissipation mechanism.
At further in-plane strain levels (from 1.0% to 1.4%), the trans‐
verse crack density was saturated and hence, the spacing between
transverse crack did not change anymore. At this stage, the local de‐
lamination started to occur, leading to a decrease in the effective
bonding area. Thus, the propagation
started to decrease.

Interestingly, introducing damage will, in turn, unexpectedly in‐
crease the interfacial toughness of the laminates. The remarkable
variation in the macroscopic delamination properties makes the
modeling of such effects relevant when a predictive model is tar‐
geted. Our results highlight some limitations of classical mesoscale
damage mechanics that assumes the toughness to be a material prop‐
erty. In fact, toughness should be considered function of both the lo‐
cal lay-up and of the damage of the plies surrounding the interface.
Different strategies can be adopted to model such effects from a
macroscopic point of view, like developing specific cohesive ele‐
ments that would explicitly introduce the effect of cracking density
of adjacent plies on the interlaminar toughness. The data provided in
this paper represent the first step towards the design of improved
models that will be discussed in future publications.
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Fig. 11. Endoscopy and CT-scan images for sample W20S0#3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 12. R-curve and P – curve for representative samples with in-plane strain of 0% and 0.8%. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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