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This work presents a detailed experimental study conducted for a range of different lay-ups using thin-ply carbon
fiber reinforced polymer (CFRP) laminates. The selection of the laminates was performed relying on their level of
anisotropy. The laminates vary from a quasi-isotropic (QI) laminate, which is weakly anisotropic, to a cross-ply
(CP) laminate, which is strongly anisotropic. The laminates were tested in on-axis and off-axis open hole tension
(OHT). The main objective was to observe the effect of the level of anisotropy of the laminate on the macroscopic

failure and observed failure patterns. It is shown that, contrary to most existing observations so far, depending on
the lay-up and consequently its level of anisotropy, open-hole, quasi-homogeneous thin-ply laminates do not
necessarily exhibit a fiber dominated failure mode, but could develop sub-critical damage mechanisms in a large
extent prior to ultimate failure, reminiscent of what is observed for standard-ply CFRP laminates.

1. Introduction

While carbon fiber reinforced polymer (CFRP) composite materials
have long captured the interest of the aerospace field, the definition of
proper design metrics remains a pertinent challenge for the community.
Specific attention is often devoted to notched strength since it is not
uncommon for aerostructures to contain holes, e.g., due to rivets, or
other geometric cutouts. Accurate predictions of the notched strength,
especially for CFRPs, is still a topic of great scientific interest given the
vast versatility of this material type, in terms of reinforcement geometry
and areal weight [1].

Failure in CFRPs typically consists of multiple, complex interacting
mechanisms that are observed across various length scales. For
standard-ply composites, meaning laminates made of plies with thick-
nesses equal or above 0.125 mm, it is common to observe a combination
of delaminations, transverse cracking and splitting (often referred to as
sub-critical damage), and then final failure dominated by fiber breakage
events [1-8]. However, thin-ply laminates, consisting of plies of thick-
nesses under 0.1 mm, have shown to present a distinct macroscopic
behavior. Final failure results from the growth of a macroscopic, fiber-

dominated through-thickness (translaminar) crack, while all other
(sub-critical) mechanisms are suppressed, potentially due to a more
prominent in-situ effect [9-18]. Because of this, recent works pertaining
to strength of such composites and modeling them have in fact relied on
equivalent single layer (ESL) representations and the assumption of a
quasi-brittle type of failure [19-22].

Despite the growing literature addressing failure of thin-ply lami-
nates, most studies refer to laminates that have predominantly been
quasi-isotropic  (QI) laminates, with just a few exceptions
[3,12,15,17,23]. Moreover, these refer to cases of on-axis loading
(meaning that the load is applied along one of the principal axes of
orthotropy of the laminate) [9,10,12,15]. Thus, it becomes evident that
a significant portion of possible load case scenarios and lay-up config-
urations is missing from the previous investigations.

An interesting case corresponds to off-axis loading, i.e., loading that
does not lie along a principal axis of orthotropy of the laminate. Only a
few studies regarding off-axis loading, and the effect it has on strength
and failure patterns in composites, have been conducted. This slightly
neglected case is not irrelevant for composite laminates where such off-
axis loading affects the local stress and strain fields which can eventually
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play a significant role in the final response of the laminate at the macro-
scale. In this regard, Oz et al. [24] performed tests on off-axis QI
standard-ply composite laminates to evaluate the effect the lay-up
rotation essentially has on the failure patterns revealing that the same
lay-up could show a different sequence of failure when loaded along a
different direction. Similarly, Chuaqui et al. [3] tested an array of lay-
ups containing typical and unconventional angles on-axis and off-axis
OHT with the main purpose of studing the effect angle ply blocking
has on the strength, and how this affects the failure patterns observed,
concluding that blocking and angle could have a significant effect on the
evolution or not of sub-critical damage. Not much else exists other than
the work of Kawai and Arai [25] that showed off-axis open hole tension
(OHT) testing of Glare with the goal of developing a robust empirical
criterion for strength predictions. Furtado et al. [17] are among the few,
if not the only ones, to have tested notched thin-ply laminates in off-axis
OHT as a subcase of a broader testing campaign that aimed at evaluating
the effect lay-up architecture had on the notched response of CFRPs once
again reporting the effect the load angle and lay-up had on the strength.

The goal of the present study is, thus, to expand the available
experimental database and enhance the understanding of the failure of
CFRP laminates, particularly of notched thin-ply laminates. This study,
presents the results of an extensive testing campaign with notched thin-
ply laminates of varying levels of anisotropy to study their failure
behavior, ultimately guiding the development and the validation of
more general analysis tools for this class of CFRP materials. The theo-
retics of the laminate selection and the lay-ups selected are presented in
Section 2 followed by the test results alongside a discussion on the ob-
servations in Section 3. The conclusions of this study are presented in
Section 4.

2. Laminate selection and manufacturing
2.1. Definition of the level of anisotropy

The metric used to define the lay-ups of the laminates that are to be
tested is, as mentioned, their level of anisotropy. This term has been used
in works pertaining to the fracture of generally anisotropic materials
where the effect of the distribution of the fracture toughness (i.e.,
fracture toughness driving cracks at different angles with respect to the
material principal axes) on the obtained failure pattern is evaluated
[26,27]. Such a study is that of Takei et al. [27] that conducted trouser
tests and observed zig-zag failure patterns. As explained in their work,
these patterns seem to occur due to the presence of concave regions in
the plot of the inverse fracture toughness. These concavities produced
restricted fracture paths and led to the zig-zig crack rather than a
straight line crack. Per their definition, in such a case the material is
considered to hold a level of anisotropy that is strong (i.e., is strongly
anisotropic). If there were no regions of concavity (i.e., it was fully
convex) then the material would be weakly anisotropic.

It should be noted that defining the level of anisotropy for a com-
posite laminate, however, by means of a distribution of fracture
toughness is not necessarily direct and intuitive. Fracture toughness for a
net-section through thickness type crack, especially in terms of energy
release rate is not easily measurable. In fact, it is common to have
standardized tests for fracture toughness for interlaminar failure forms
[28-30], but not particularly for translaminar/intralaminar failure
forms [31-33]. If one considers that this measure would be needed for
angles at which the material would cease to be orthotropic (and
potentially neither balanced or symmetric), this feat would under-
standably become extremely complicated.

So, an analogous terminology that relies on the elasticity of the
laminate alone is sought to facilitate the application of such a metric the
selection of laminates in this work. It is noted that multidirectional (MD)
thin-ply laminates, under the assumption of macro-mechanical homog-
enization [34], can be modeled based on their extensional stiffness
matrix, assumed as an equivalent stiffness [35], considering an ESL
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homogenized plate representation, so theoretical aspects of mechanics
of anisotropic materials can be considered. There are a few geometrical
constructions that can express the directional variance of the material
properties of interest, as explained by Lekhnitskii [36]. One of them was
first introduced by Saint-Venant and refers to a direction surface and the
direction curves later determined by Rabinovich [36]. Direction curves,
as mentioned in [36], can be used to express and visualize the variance
of elastic moduli in various directions of a medium. The direction sur-
face as per Saint-Venant is a 3D surface where the radial distance from
the arbitrary origin represents a scaled modulus. The direction curves
then occur as the intersections of planes that pass by the origin and the
direction surface. An example of this curve can be seen in Fig. 1. These
geometrical constructions have only been used in a few analytical works
in the literature that worked on defining interactions of moduli [37-39]
and the definition of stationary points of these curves [40]. Considering
that the strain stress relationship is given as:

&j = Siki0u 1)

where ¢; is the strain tensor, Sy the compliance tensor of the material,
and o the stress tensor. Considering extension along a specific direction,
n, the Young’s modulus can be given as [40]:

1/E(n) = Syamnjmymy )

and if this is to be applied for an orthotropic material viewed on the
principal axes of orthotropy (here noted with 1 and 2 corresponding to
the x and y axis respectively) and for the 1 direction’ (interaction be-
tween the x-y plane and the surface) one gets for the direction curve the
equation [36]:

x* + 2Bx’y* +yt =1 3
where:
E2 E2
=2 B=—2 _
AR 26, 2

where E; and E, are the tensile moduli, G, is the shear modulus for 1-2
plane and v;; is the respective Poisson’s ratio. A and B are parameters
that can be seen as measures of how far the material lies from a purely
isotropic state. The combination of 1 =B =1 refers to an isotropic
material state and would lead to a circle for the direction curve (or to a
sphere for the direction surface), and when one or both veer far from 1
the material exhibits a stronger level of anisotropic behavior. In this
study, the shape of these direction curves or surfaces are used to char-
acterize the level of anisotropy of the laminates, based on convexity and
concavity, analogously to the definition in [27]. So, if the direction
curve is convex in its totality, then the laminate will be considered
weakly anisotropic; otherwise, if it also presents concave regions, it will
be considered strongly anisotropic.

2.2. Lay-up and material selection

With the above in mind, the lay-ups shown in Table 1 were selected
in order to have varying levels of anisotropy, from the strongest, i.e.,
cross-ply (CP), to the weakest, i.e., the quasi-isotropic (QI). All other
laminates, starting from the SOFT laminate, have a varying level of
anisotropy that lies somewhere between the two listed in Table 1 in
order of increasing level of anisotropy. The material system selected was
the T800/736LT from North Thin Ply Technology (NTPT) with a nom-
inal ply thickness of 0.05 mm, which was characterized in-house and
whose properties are presented in Appendix A. All the laminates were
designed considering the same number of total plies, 32, to achieve the

1 For more detailed mathematics on this, please refer to the works of Ting
[37,38,40].
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Fig. 1. (a) Direction curves and (b) inverse ERR plots for all selected laminates.

Table 1
Laminate lay-ups and respective 2, B values for the direction curves.
Lay-up A B

QI [90, —45, 0, 45] 4 1.0000 1.0000
SOFT [90, + 45, 90, + 45, 90, 0] 0.5557 0.6839
CP30 [90, 0, + 30, 0, 90, + 301y 1.7296 2.0333
CP1560 [90, + 60, 0, + 15, 90, 0]z 1.2025 2.8291
CP1575 [90, £ 75, 0, + 15, 0, 90] 2 1.0000 4.4246
Cp [90, 0]gs 1.0000 9.9951

same nominal thickness of 1.6 mm. As for definition of the ply angles,
they were selected to achieve a smooth transition between direction
curves (Eq. 3), which are shown in Fig. 1. Additionally, the lay-ups after
definition of the ply angles were set-up so as to achieve minimal
blocking in the final total lay-up.

Observing Fig. 1, the clearly convex curves are the ones of the QI,
SOFT and CP30 laminates whereas the ones of the CP1575 and CP
present evident concavities.” The direction curve for CP1560 is border-
line convex and will be for the sake of this discussion grouped with the
non-convex curves as minimal changes in the values of the elastic
moduli would render it not fully convex. Thus, the former three, QI,
SOFT and CP30 will be considered as the weakly anisotropic laminates
in this study and the CP1560, CP1575, and CP as the strongly anisotropic
ones in the discussions that follow. In Appendix B, Energy Release rate
(ERR) plots are also presented for each laminate alongside a discussion
on their classification to provide a form of a comparison based on the
definition for the level of anisotropy using fracture toughness.

3. Experiments
3.1. Specimens and testing method

The characterization of the notched response of the previously
detailed thin-ply MD laminates with different levels of anisotropy
(Table 1) was carried out via open hole tension (OHT) tests following the
ASTM D5766 standard as a reference but employing nonstandard ge-
ometry. The specimens were all 20 mm in width, 170 mm in length and
had a 5 mm diameter hole in the center (nominal dimensions). In

2 Apart from visual evaluation of the polar plot to check for concavities one
could mathematically evaluate it by keeping in mind that for the inverse of a
function f = f(6) the polar plot of 1/f(6) will be concave where f”(6) +f(6) <0
for any 6 € [0, 27] [27].
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Fig. 2. Schematic of cutting angles and specimen dimensions.

addition to on-axis OHT tests, off-axis tests were performed by cutting
specimens at an angle on the main manufactured plate. Fig. 2 provides
the schematic representation of the specimen as well as the cutting lay-
out. The selected angles for cutting and consequent off-axis load were
selected to be 0° (on-axis), 15°, 45° and 60°. For each laminate type and
loading angle, 3 to 5 specimens were manufactured. X-ray inspection
was performed on a few specimens, and none showed delaminations, so
the quality of the manufactured holes was deemed good to proceed with
testing. All specimens but some of the CP laminate were tested on an
Instron 5900R 4208H 0138-3 electro-mechanical universal testing
machine equipped with hydraulic grips and a 200 kN load cell. Certain
CP laminate specimens were tested on a Universal Testing Machine MTS
370.10 with 100 kN capacity. The gauge length was approximately 120
mm for all specimens.

3.2. Test results

Fig. 3 provides the force-displacement data for all the lay-ups and
off-axis loading angles. As can be seen, satisfactory consistency was
achieved between the response of the tested specimens of each set for
which the average values of notched strength are reported in Table 2.
The notched strength is defined as the maximum remote stress, and it is
equal to the force at failure divided by the unnotched cross-sectional
area. As expected, the strength values for the QI laminate are uniform
while all other laminates show variance in strength for different loading
angles with the most significant differences obtained for the CP lami-
nate. This is attributed to changes in the damage patterns obtained.
Comparing the force-displacement evolutions, all specimens denote a
brittle type of failure for the on-axis loading case, demonstrated by the
presence of an abrupt drop in the load. Analyzing the curves for the rest
of the angles, however, it can be seen that, for the CP1560 and CP1575
laminates, earlier load drops occur before failure, predominantly for
loading at 45° and 60°. The CP, as will be also shown later, exhibited
high nonlinearities in addition to load drops before failure. In all three
latter laminates, these small drops indicate that premature failure events
commence in a subcritical manner.

To better monitor the evolution of failure events during testing,
digital image correlation (DIC) was employed, and the fracture surfaces
were visually investigated afterwards. The 2D DIC set-up consists of a
Canon EOS 80D camera fitted with a Canon EF-S 18-135 mm {/3.5-5.6
IS STM lens that was used to record video at 60 fps with a 1080p full HD
resolution. The video was used as an input to do the DIC analysis using
the GOM Correlate software and by using a subset size of 12 pixels and a
subset length of 10 pixels and for strain calculations using a strain
neighborhood of 4 that resulted in an average reference length of around
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Fig. 3. Force-displacement curves for all tested laminates.
Table 2
Notched strength values for all the laminates (in MPa) alongside the coefficient of variance for each set in parenthesis expressed in percentage (%).
Angle QI SOFT CP30 CP1560 CP1575 CP
0° 492 (2.8) 397 (3.3) 590 (2.2) 586 (3.7) 559 (8.8) 568 (3.6)
15° 468 (3.7) 410 (2.3) 594 (4.7) 568 (6.9) 495 (4.9) 287 (2.3)
45° 486 (2.5) 462 (3.2) 492 (6.2) 387 (3.3) 343 (1.8) 225 (2.0)
60° 472 (3.9) 498 (7.1) 451 (3.7) 416 (2.2) 383 (1.3) 244 (1.8)
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Fig. 4. DIC displacement and longitudinal strain fields for all tested laminates and loading angles at 95% of the remote failure strain. The loading direction and
length of the specimen lie in the horizontal axis of the page.
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Fig. 5. Representative net-section type through thickness failure form typical
of the weakly anisotropic laminates (QI, SOFT and CP30) for on-axis and off-
axis loading, and observed on all remaining laminates for on-axis loading.
The specific specimen is from the CP30 laminate loaded on-axis.

2.5 mm.® Fig. 4 shows a comparison of the longitudinal displacement
and strain fields for all angles and all layups at a remote strain of 95% of
the mean remote failure strain observed. The remote failure strain is
calculated using a virtual extensometer connecting two points along the
length of the specimen lying on opposing points of the hole at a sufficient
distance to not be affected by local phenomena. The observations on the
failure of the specimens can be complemented by the post-mortem
failure surfaces presented in Figs. 5-7.

As can be seen in Fig. 4, all specimens loaded on-axis present a rather
smooth and uniform displacement field. For the QI, SOFT and CP30
laminates this extends to all other load angles as well. The same is
observed for the longitudinal strain field shown as well. These specimens
all failed demonstrating a type of net-section failure with a through-
thickness crack driven by fiber failure, as shown in the example of
Fig. 5. This “crack” for the off-axis angles also develops deflected at an
angle with respect to the global specimen frame (and principal material
axes of orthotropy), and not necessarily following a certain ply angle as
shown in Fig. 6(a). Indeed, this was more prevalent for the QI and CP30
laminates whereas the SOFT laminate tended to start showing signs of a
more complex post-mortem failure surface for the 60° off-axis loading
case only (Fig. 6(b-c)). This, however, is not indicative of the existence of
these mechanisms in a subcritical form before final failure as can be
understood from the force displacement curve presented in Fig. 3 as no
early load drops were identified and post-mortem investigation reveals a
translaminar type “crack” in most cases as is seen for the specimen in
Fig. 6(c) left side. The splitting on the outer surface is attributed to

3 The DIC strains measurement is locally contingent to the value of the
reference length. Thus, the maximum and minimum values refer to the regions
near the hole where local events have occurred considering this reference
length as the accuracy over which strains are calculated. It is obvious that if this
value would be different so would the extrema of the strains reported. However,
for the sake of this study this was not considered limiting to the analysis and
discussion as these are based on relative differences between the specimens. It is
noted that the minimum reference length the DIC analysis could achieve
without compromising pattern quality was 0.8mm. For remote strains, i.e., far
from the hole, the values are the same no matter what the reference length
chosen, as long as it is in bounds of the DIC pattern limitations. The accuracy of
the DIC measurement was evaluated by the indications during processing of
GOM Correlate, and finite elements analysis was not considered necessary to
evaluate the accuracy of the measurements based on previous experience of the
authors with the acquisition setup and correlation software.
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stochastic events and breaking that happens due to the abrupt failure
and energetic release, not subcritical premature damage.

For the CP1560, CP1575 and CP laminates, the off-axis angles show
displacement discontinuities before failure, which is also evident when
looking at the longitudinal strain field. This is primarily indicative of a
split crack developing in the outer ply and possible delaminations
occurring in the underlying plies. Indeed, as can be seen in the post-
mortem images in Fig. 7, it is evident that the CP1560 (Fig. 7(a-b))
and CP1575 (Fig. 7(c)) laminates suffered a combination of de-
laminations, pull-outs and split cracking sub-critically until these
mechanisms alongside fiber failure eventually led to final failure. The CP
(Fig. 7(d-e)) laminate demonstrated high versatility in damage patterns
with loading at 45° and 60° leading to damage driven solely by de-
laminations Fig. 7(d) and very interestingly 15° off-axis loading leading
to failure by development of a band of rotated fibers as shown in Fig. 7
(e). It is noted that the delaminations seen here are not considered a
result of free-edge effects by considering the DIC field images seen in
Fig. 4 showing no significant strain concentrations at the specimen
edges. While free-edge delaminations would be something expected of
standard grade composites [1,8,24] given the background on studies on
the topic that have reported thin-plies to being able to suppress de-
laminations and consequently free-edge delaminations even in angle-ply
lay-ups [14-16] the observations reported here are considered consis-
tent and expected in that regard.

3.3. Discussion

The literature on failure of thin-ply CFRP laminates has mostly re-
ported net section, crack-like, failure patterns, as mentioned in the
introduction. This type of failure observed till date for thin-ply laminates
has differentiated thin-plies significantly from standard-ply composites.
In fact, this was observed for all laminates tested in this work for an on-
axis loading state, but not necessarily for off-axis loading. Indeed, the
net section type failure pattern for both on-axis and off-axis loading in
this study is associated with the laminates categorized as weakly
anisotropic (QI, CP30, SOFT). The strongly anisotropic CP1560,
CP1575, and CP laminates, however, as mentioned, were the ones that,
contrary to what would be expected, developed premature damage in
the form of matrix failure (delaminations, split cracking etc.) under off-
axis loading. Such a failure pattern is indicative of the failure of
standard-ply CFRPs regardless of the level of anisotropy, as de-
laminations tied with splitting and extensive premature damage would
be the expectation for a QI and a CP of a standard-ply CFRP laminate
subjected to OHT [2-5,8].

The observations of the present experiments seem to, for the unique
case of thin-ply laminates, give a correlation of the macroscopic damage
form, including matrix cracking, to the level of anisotropy the laminate
has. Intuitively, this suggests that the severity of the differences in the
elastic properties, as the material vs load angle changes, could directly
affect the response of a MD thin-ply laminate. Additionally, the effect of
the level of anisotropy, seen by the severity of the difference of the
observed failure patterns between the net-section type failure of the on-
axis loading case and each subsequent angle, based on these results,
becomes more prominent as the laminates tend to the CP laminate.

What has been seen to drive the difference in the failure pattern for
thin-ply laminates overall is a stronger in-situ effect. Thus, when the
mismatch angle between two plies is high enough, the inner ply is
constrained to a higher level and matrix damage (matrix cracking) is
markedly suppressed. Interestingly, Korbelin et al. [23] reported a larger
extent of matrix cracking before final failure in OHT testing of Bouligand
thin-ply laminates. This Bouligand structure had a pitch angle of 2.5°
(ply mismatch angle) and thus the in-situ effect in that case would not be
as strong. This could serve to explain some of the observations in this
work, since, for instance, the CP1575 laminate presents a mismatch
angle of 15° for most interfaces, and the CP30 laminate 30°. The reduced
suppressive effect to matrix damage phenomena in these laminates
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Fig. 6. Failure form typical of the laminates with weaker anisotropy for off-axis loading (a) crack like macroscopic failure as seen from the front of the CP30 15° off-
axis specimen, and (b) & (c) two failed SOFT laminate specimens for 60° off-axis loading.

Fig. 7. Failure forms observed in the laminates with stronger anisotropy that alongside fiber failure also presented more complex failure events: (a) CP1560 45° off-
axis loading featuring delaminations and fiber pull-outs, (b) CP1560 60° off-axis loading featuring mainly delaminations, (c) CP1575 60° off-axis loading featuring
extensive fiber pull out and some delaminations, (d) CP 45° off-axis loading featuring pure delamination in all plies, and (e) CP 15° off-axis loading featuring a band
of rotated fibers as the localized damage event.
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Fig. 8. Comparison of the shear strain fields for the QI, CP1560, CP1575 and CP laminate at 95% of the remote failure strain.

Fig. 9. Images of the deformed and undeformed (blue wireframe) CP specimens for (a) 0°, (b)15° and (c) 60° off-axis loading demonstrating the difference in overall
deformation observed for different load angles.

could explain the observed patterns. In the case of CP laminates under mismatch between loading direction and orientation of the fibers,
off-axis loading, matrix damage can be mostly attributed to the fact that leading to high nonlinear deformations.
deformation becomes mostly matrix-dominated, considering the As seen in Fig. 4 and in Fig. 8, which compares the shear strain, e,
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field for the QI, CP1560, CP1575 and CP laminate at 95% of the remote
failure strain, the strain components for each respective laminate at
different angles have a rather different trend. The longitudinal strains in
the QI laminate for all angles are at a minimum around —0.2% and a
maximum of about 1.0% and the shear component ranges from —0.3%
and 0.5% for all angles. These maximum and minimum values refer to
the overall field but as evident from the DIC plots they occur at the area
near the notch. For the CP1560 laminate, the longitudinal strains, for all
off-axis angles, lie around 4%, which is rather uniform. But as seen in
Fig. 8, the shear strains show broader differences ranging from 0.4%
maximum for loading on-axis and 3.0% for 60° off-axis loading. Similar
trends are observed for the CP1575 as well, with slightly more promi-
nent differences in the longitudinal strain maximum values, i.e.,
10.305% at 15° and 3.44% at 45°, and shear strains ranging from 0.7%
to 3.7% maximum observed for 60° off-axis loading. For the laminate
with the highest level of anisotropy, the CP laminate, the on-axis loading
resulted in a minimum of longitudinal strain of —0.049% and a
maximum 2.6% and for the shear component —2.5% to 2.9%. But when
loaded at the rest of the angles, the absolute shear strains increase
significantly, especially for 15° and 60° off-axis angles, where the effects
of shear extension coupling can also be clearly observed in the deformed
shape of the specimens (Fig. 9). Deformation is significantly different
and larger in off-axis load angles something not observed for the weakly
anisotropic plates. This vast difference in longitudinal strain values and
the occurrence of a prominent local shear strain component on the outer
ply as the loading angle is altered, visible through the DIC measure-
ments, altered could explain why indeed for the laminates with a
stronger level of anisotropy premature failure in the form of matrix
dominated events was unexpectedly observed, while also explaining the
significant difference in observed failure patterns for different loading
angles of the tested laminates.

Based on these observations, it seems that such ESL modeling ap-
proaches, relying on the assumption of a net-section quasi-brittle type
failure, are definitely suitable to model the behavior of MD thin-ply
laminates, but with caution of them lying in a range of a weakly
anisotropic behavior. For laminates lying well within the strongly
anisotropic range, where there is a prominent difference in the failure
patterns observed at each loading angle, ply level effects lead to diffuse
damage that cannot be properly represented by use of an ESL approach
identified using on-axis properties. In effect, the direction curves can
provide a simple way, relying on easily attainable elastic properties of
the composite’s lamina, to evaluate the level of anisotropy of a MD thin-
ply laminate and estimate how failure will appear for the laminate in
terms of pattern (i.e., containing or not diffuse damage) and uniformity
(i.e., remaining the same for all loading angles). With many new
emerging design ideas for laminates, and as practices might navigate
towards the use of unconventional lay-ups, e.g., the double-double lay-
up concept [16,23,34,41] or Bouligand (anisotropic) structures [23,41],
the suitability of efficient modeling should be properly considered,
based on not only on-axis loading scenarios but also more complex cases.

4. Conclusions

Stemming from the earlier work of the authors on applying an ESL
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modeling approach to simulate failure of MD thin-ply laminates, this
work represents an effort to extend the experimental database and ob-
servations regarding the notched response of thin-ply laminates. The
study involved testing in OHT of a range of laminate lay-ups in on-axis
and off-axis loading. The selection of the lay-ups was performed based
on their level of anisotropy defined using direction curves that only
require the homogenized elastic properties of the laminate to be
determined.

The on-axis response for all laminates followed a net-section type
failure with a crack like macroscopic appearance. The same trend was
observed for the weaker anisotropic plates for all other tested angles.
However, it was shown that for the laminates of a stronger anisotropic
nature, failure could occur due to a combination of other failure
mechanisms such as split cracking and delaminations, which are typi-
cally observed in the OHT tests of standard-ply CFRPs. This shows that
the level of anisotropy could significantly change the failure pattern and
the notched strength of thin-ply, quasi-homogeneous laminates.
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To provide the direction curves and choose the laminates for the experiments, a prior characterization of the material system at hand had to be
performed. The elastic ply properties of the CFRP T800/736LT thin-ply prepreg from NTPT were obtained following the ASTM standards D3039 and
D3518. The results of the tests resulted in the properties stated in Table A.1 below. The subscript 1 denotes the longitudinal, along the fibers, direction

and 2 the transverse direction.
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Table Al
-Ply elastic properties of the T800/736LT material system.

E,(GPa) E,(GPa) G12(GPa) Vi2

143.83 7.85 3.80 0.38

Appendix B. Inverse ERR plots for the tested laminates

In Section 2, it was explained that the level of anisotropy has been defined in the literature using the fracture toughness of a material expressed in
terms of energy release rate. However, as mentioned, this is not easy to do for composite laminates. It is noted that this refers to the fracture toughness
for a through-thickness crack in a composite laminate at the homogenized plate level. In an effort to provide some form of a relevant representation at
least in a qualitative manner of the shape of the inverse polar curve of the fracture toughness distribution the following assumption is made; the
fracture toughness distribution of the composite laminate will be analogous to the distribution of the ERR at a certain opening displacement of an
initial crack present in that material. Following that assumption, the ERR is numerically calculated using the VCCT as in [19]. These curves are
presented in Figure B.1.

90
120 60

Ql

150 30

m SOFT
m CP30
180

m CP1560

m CP1575

CP

240 300
270
Fig. B1. Inverse plots of the scaled ERR for all tested laminates

The ERR values taken per angle of the crack were normalized so that the ERR for a crack at 90° with respect to the principal material axes and on-
axis loading is equal to 1. As seen in Figure B.1, when looking directly at the ERR, the QI and SOFT laminates are convex whereas all the other
laminates present concave regions. Following the assumption mentioned previously, this would indicate that the QI and SOFT are the weakly
anisotropic laminates and the rest strongly anisotropic. It is interesting that, excluding the CP30 and CP1560 laminates, all other laminates presenting
concave parts in the inverse ERR plots also present concave parts in their direction curves seen in Fig. 1 and vice versa. Indeed, if the fracture toughness
would have a form following a scaled ERR distribution and after evaluating the experimental results it seems that these laminates can be expected to lie
directly in between the states of weak and strong anisotropy, in a sort of transitional region. The failure form type of CP30, which did not show any
premature damage events and load drops or evident delaminations from the post-mortem image of the surface, is close to the QI and SOFT, while the
CP1560 laminate failed similarly to the CP1575 and CP. The ERR plot shows that, for the CP30, the ERR is still quite uniform in its value for different
angles, not exhibiting very large differences in the values at the concave parts with the convex parts, and thus the laminate lies closer to a purely
convex shape. Contrarily, the ERR distribution form for the CP1560 laminate is evidently non-convex in its totality with vast differences. This does
emphasize that the ERR would still be a better metric than pure elasticity to define and categorize the laminates in terms of level of fracture anisotropy.
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