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Corners of highly curved composite laminates experience unfolding failure when they are loaded under opening
bending moments. This work provides a comprehensive experimental test campaign and a detailed stress analysis
to gain insight into the different failure mechanisms occurring in curved CFRP laminates made from three
different thermoset materials. Two distinct failure mechanisms are observed: firstly, traditional unfolding failure,
occurring in unidirectional curved composite laminates exhibiting pure interlaminar delamination associated to

the maximum interlaminar stresses in the curved region and, secondly, induced unfolding failure occurring in
multi-directional curved composite laminates, where the failure is assumed to be originated from intralaminar
matrix cracks which, under the presence of high interlaminar stresses, further propagate as an interlaminar
delamination. A simple stress-based failure criterion is proposed to predict the unfolding failure load which
provides a fairly good agreement with the experimental results in all cases.

1. Introduction

In recent years, the application of composite materials in complex
engineering structures under various loading conditions has seen a sig-
nificant increase, driven by their exceptional mechanical properties and
lightweight nature. However, as these materials find their way into
critical components, understanding their failure mechanisms becomes
paramount. In particular, the curved zones of complex structures, such
as L-joints, T-joints, and other highly curved configurations, typically
constitute one of the weakest parts of the component, thus demanding a
detailed investigation of the failure behavior.

Failure of curved laminates has been extensively studied by various
authors in [1-13]. Among them, [1-5] were the first ones to highlight
the matrix induced delamination in curved laminates [1-3], T-joints [4]
and Q-specimens [5]. The use of stress-based failure criteria based on
interlaminar stresses [6] or in a combination of interlaminar and
intralaminar stresses [7] showed a thickness dependence on the inter-
laminar tensile strength in curved laminates which has been extensively
studied both numerically and experimentally [8-13].

The present study deals with the failure mechanisms in highly curved
composite laminates under opening bending moments, examining two
distinct failure scenarios, as introduced in [14]: traditional unfolding
failure, observed in unidirectional (UD) curved laminates, and induced
unfolding, prevalent in non-UD curved laminates. In traditional

unfolding, the final failure is associated with delamination caused by
interlaminar stresses, while, conversely, induced unfolding is charac-
terized by failure initiation through intralaminar failure, which, under
the presence of sufficiently high interlaminar stresses, subsequently
propagates as a delamination, ultimately leading to the final failure of
the laminate.

The analysis of the stress states and failure locations in several sets of
coupons of curved composite laminates carried out in [14], led to the
conclusion that unfolding failure took place immediately after the onset
of the first intralaminar damage. In the present work, several different
sets of coupons of curved composite laminates have been selected to
emphasize that in multidirectional laminates, unfolding failure is initi-
ated by an intralaminar damage. Notwithstanding, it is important to
note that the failure of the sample doesnt always happen immediately
after the first intralaminar damage onset. Depending on the material
properties and the stacking sequences, a significant increase in the
applied load might be necessary to cause the intralaminar damage to
unstably propagate as a delamination, ultimately leading to failure of
the sample.

The objective of the current work is to introduce a simple stress-
based failure criterion for predicting the unfolding failure load by
considering three possible failure mechanisms, for which the failure
moment predictions are analytically calculated utilizing the stress
analysis tool developed in [15] which enable us to determine the stress
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states in the critical failure-prone regions of the curved laminates. The
analytical model evaluates the three-dimensional field of strains and
stresses in a singly curved laminate loaded in bending and under a ho-
mogeneous change of temperature, following the hypothesis of Spencer
et al. [16] according to which the stresses and strains depend only on the
radial coordinate (that is, sufficiently far away from free-edges and
changes of curvature). This simple stress-based failure criterion, in
combination with the stress analysis tool, can be easily implemented in
any programming language in order to be used in the design stage of the
composite components, allowing us to determine the unfolding load of
curved components with multidirectional stacking sequences in a short
period of time.

To show the accuracy of the proposed criterion, an extensive test
campaign on three different thermoset materials is presented in which
the experimental results are successfully compared with the analytical
predictions. Additionally, the delamination locations of the tested
samples are compared with the stress analysis results to assess the effi-
ciency of the proposed failure criterion.

2. Test campaign

This section provides a comprehensive overview of the materials and
methods employed in the unfolding failure study. Firstly, three different
thermoset materials employed in the study are described. Secondly, the
stacking sequences considered, with some of them specifically optimized
to accentuate the induced unfolding phenomenon, are presented.
Finally, the last subsection describes the procedures used to evaluate the
Curved Beam Strength (CBS) of each coupon and the Interlaminar
Tensile Strength (ILTS) of the materials under investigation.

2.1. Materials and manufacturing processes

The present investigation of the unfolding failure involves three
different carbon-fiber reinforced thermoset polymer-matrix materials,
designated as M1, M2 and M3. Each of these materials possesses unique
stiffness properties and interlaminar and intralaminar strengths.

Material denoted as M1 consists of AS4/8552, which is an interme-
diate modulus composite material that comprises of AS4 carbon fibers
and 8552 epoxy resin matrices. For stress calculation in material M1
samples, the following stiffness properties were considered [17]: E;; =
132 GPa, E22 = E33 =9.23 GPa, V12 = lV13 = 0302, Uz = 04, G12 =
G13 = 4.82 GPa and Ga3 = Ezy/(2+ 2v33), where subindexes 1, 2 and 3
respectively refer to the fiber direction, the in-plane direction perpen-
dicular to the fiber and the thickness direction. To evaluate residual
stresses, the stress-free temperature has been considered equal to the
curing temperature, being 155 K above room temperature, along with
the following thermal expansion coefficients [18]: a3 = 0.70 pe/K, az =
36.3 pe/K and ag = 60 ue/K. Notice that, following the results pre-
sented in [18], it has been considered that a3 # ay. Notwithstanding
since the plies are free to deform in the thickness direction, the value of
a3 does not affect the calculation of residual stresses and the same results
would have been obtained with the classical hypothesis a3 = a». This
hypothesis has been considered in materials M2 and M3 due to the lack
of information about the actual value of as.

Materials M2 and M3 consist of high strength and stiffness carbon
fibers with epoxy resin matrices employed in commercial aircraft
structures. Due to confidentiality reasons, the specific details of these
materials, including their names and proprietary information are
undisclosed.

For materials M1 and M3, a comprehensive experimental test
campaign, involving fabrication, testing and post-processing of the re-
sults, has been carried out. Conversely, the tests of material M2 are the
same used in [14]. However, as will be detailed later, test results have
been re-analyzed, following the same procedures employed with mate-
rials M1 and M3, to include some aspects that were neglected or
assumed in [14].
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Table 1

Unidirectional layups and test configurations (all dimensions are in mm).
Set w L I T D Layup
M1.UD.08 30 20 36 5 10 [0s]
M1.UD.16 30 22 40 5 10 [016]
M1.UD.24 30 25 44 5 10 [024]
M1.UD.32 40 34 55 5 20 [032]
M3.UD.06 30 20 36 3 10 [06]
M3.UD.16 30 20 40 3 10 [016]
M3.UD.24 30 26 50 5 10 [024]
M3.UD.32 40 36 60 5 20 [032]
M3.UD.48 50 40 68 5 20 [Oss]

In general, unidirectional prepregs with a nominal thickness of
0.184 mm are used to manufacture curved panels, from which individ-
ual coupons are later cut to required dimensions, adhering to specified
test standards referenced in [19,20]. The fabrication procedures for each
material were carried out in different facilities and thus differ in several
aspects. The fabrication of M1 panels (manufactured and tested at the
University of Seville) involved manual laying of plies onto a steel tool set
ata 90 angle, with the desired corner radius (this radius forms the inner
radius of the curved region). To ensure quality, heat from an air heating
device, pressure using a spatula and a periodic vacuum compaction
(every fifth layer) are applied to avoid any void formation. The curved
panels are then subjected to the curing process and subsequently cut to
the desired dimensions [21]. For M3 specimens (manufactured and
tested at FIDAMC), the process begins with the automated tape layup
technique, where flat panels are initially manufactured. These panels are
then placed on a tool with 90" angle and a desired corner radius and are
further subjected to hot forming process to achieve the intended shape.
Following hot forming, the panels, along with the tools, undergo a
curing procedure in an autoclave at the designated temperature and
time. After curing, the curved panels are detached from the tool to un-
dergo ultrasonic Non-Destructive Testing (NDT) for quality assurance.
Once approved through NDT, the specimens are cut according to the
required dimensions. The manufacturing process of M2 panels, (manu-
factured and tested by third parties), remains undisclosed due to
confidentiality reasons.

Notice that, as stated in [21], manufacturing of highly curved com-
posite panels induces a certain level of misalignment in the fibers ori-
ented at 0. These misalignments have not been considered in the stress
analysis carried out in the present study.

2.2. Stacking sequences

Test samples analyzed in the present study can be divided into four
different groups:

e Group UD consist of samples with [0,] stacking sequences, (with 0"

being the direction following the curvature of the samples).

Group CP consist of samples with [0,90,,0,] stacking sequences.

These stacking sequences are expected to exhibit early intralaminar

damage in the 90° layers located in the inner radii.

e Group QI consists of samples with quasi-isotropic stacking se-
quences. These stacking sequences have been selected for being,
among all quasi-isotropic stacking sequences, those prone to expe-
rience early intralaminar damage in the 90 layers located in the
inner radii [22].

e Group MD consists of multidirectional stacking sequences, some of
which are actually employed in commercial aircraft structures
following spar/rib configurations.

To reference the coupons used in the study, a naming convention has
been established according to which all samples are named as Mi.SS.NLj-
k, where Mi (M1, M2, M3) denotes the material type, SS (UD,CP,QI,MD)
refers to each of the stacking sequences and/or test set-ups of the
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Table 2
Non-UD layups and test configurations (all dimensions are in mm).
Set w L L T D Layup
M1.CP.08 30 20 36 5 10 [0,902,0]¢
M1.CP.16 30 22 40 5 10 [0,902,05]g
M1.CP.24 30 25 44 5 10 [0,902,00]g
M1.CP.32 40 35 55 5 20 [0,902,013]g
M1.QIL.08 30 20 35 5 10 [45,-45,90, 0]g
M1.QL16 30 22 40 5 10 [45,-45,905, 0,45, -45, 0]
M1.QL24 30 25 44 5 10 [45,-45,90,, 45, -45, 90, 04, 45, -45, 0]
M1.QL.32 40 35 56 5 20 [(45, -45,90,),, (0,45,-45,0), ]s
M2.MD.09 25 20 35 3.34 10 [45,-45,90,45,0,-45, 90, -45, 45]
M2.MD.16a 25 26 40 5.06 15 [45,-45,90,-45,45,0,45,-45g
M2.MD.16b 50 26 40 5.06 15 [45,-45,90,-45, 45,0, 45, -45]
M2.MD.28 40 30 47 6.85 15 (45,-45,90,,-45,45,0, (45,-45),,0,45,-45 |
M2.MD.48a 40 43 69 11.2 15 [(45,0-45,90), |
M2.MD.48b 40 43 69 11.2 15 [45,-45,903,-45, 45, 03, (45,-45),,0, (45,-45) 9 ]
M3.CP.08 30 20 36 5 10 [0,902,0]¢
M3.CP.16 30 22 40 5 10 [0,902,05]g
M3.CP.24 30 26 50 5 10 [0,902,00]g
M3.CP.32 40 36 60 5 20 [0,902,013]g
M3.CP.48 50 40 68 5 20 [0,902,021]¢
M3.MD.10 30 22 38 5 10 [45,90,-45,0,45,-45,0,-45, 90, 45|
M3.MD.12 30 22 38 5 10 [45,-45,90,-45, 45, 0,, 45, -45, 90, -45, 45]
M3.MD.16a 30 24 40 5 10 [45,-45,90,-45,45,0, 45, -45]¢
M3.MD.16b 30 24 40 5 10 [45,90,-45,-45,45,0,45,-45]¢
M3.MD.28a 40 30 50 6 10 [45,-45,905,-45, 45,0, (45,-45),,0,-45,45 |
M3.MD.28b 30 22 38 10 20 [45 -45,90,,-45,45,0, (45,-45),,0,-45, 45]
M3.MD.28¢c 40 30 50 6 10 [45,90,-45,90,-45,45,0, (45,-45),,0,-45,45 ]
M3.MD.28d 30 22 38 10 20 [45 90,-45,90,-45, 45,0, (45,-45),,0,-45, 45]S
M3.MD.36a 40 42 66 6 20 [45,-45,90,, (-45,45),.0, (45,-45),,0, (-45,45), |
M3.MD.36b 40 42 66 6 20 [45,90,-45,90, (-45,45),,0, (45,-45),, 0, (-45,45), |
0° fibers

(a)

aforementioned groups of samples defined in Tables 1 and 2, NLj refers
to the number of layers and k (1, 2,...) identifies the individual coupons
in each set. The number of layers, NLj, is expressed with two digits.
When multiple test configurations of the same material and group, all
having the same number of layers, they are distinguished using lower-
case letters (28a, 28b,...). For instance, the notation M2.MD.10-5 refers
to the fifth coupon of a multidirectional-layup set of samples with a
layup of ten layers (see Table 2) made of material M2.

2.3. Test data reduction

For the sets of samples whose dimensions are listed in Tables 1 and 2,

(b)

Fig. 1. Four-point bending test: (a) Test specifications and loading parameters, (b) Test device at the University of Seville.

the load/deflection curves of the L-shaped samples, loaded in bending
with the aid of a four-point bending test device, see Fig. 1, have been
experimentally recorded, see Appendix B. The tests have been carried
out according to the procedures described in AITM1-0069 standard [19]
(used to define sample dimensions and test configurations) and ASTM D
6415/D 6415 M standard [20] (used to define test conditions and for
results postprocessing). Applied load and crosshead displacement is read
from the calibrated universal testing machine. Crosshead speed is set to
2 mm/min. To avoid the introduction of frictional forces, ball bearings
are employed in the load and support rollers. No additional instru-
mentation for detecting damage, apart from the post-mortem sample
inspection described later is used during the test. Notice that, since one
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Table 3

Average CBS and ILTS of the material M1 sets of samples.
Set Fax [kN] U(Fmax) [mm]  CBS [N-mm/mm]  ILTS [MPa]
M1.UD.08 1.37 £0.19 5.79 £ 0.27 459 + 54 81.0 £ 8.5
M1.UD.16 2.76 £ 0.16 3.93 £0.18 1260 + 58 102.8 + 4.7
M1.UD.24 4.84 + 0.42 4.03 +0.28 2440 + 150 118.8 £ 7.5
M1.UD.32 5.28 £+ 0.65 3.16 £ 0.41 3420 + 490 114+ 16
M1.CP.08 0.49 + 0.07 4.06 £+ 0.61 194 + 18 -
M1.CP.16 1.00 + 0.15 2.44 +0.38 525 + 66 -
M1.CP.24 2.16 £ 0.38 2.45 £ 0.35 1250 + 190 -
M1.CP.32 2.99 +0.39 2.40 £ 0.14 1970 + 230 -
M1.Q1.08 0.529 + 0.088 6.24 £+ 0.55 160 + 18 -
M1.QL.16 1.164 £+ 0.050 4.78 £0.13 512+ 16 -
M1.QL.24 1.91 £ 0.12 4.05 £ 0.18 990 + 51 -
M1.Q1.32 2.37 £0.17 3.98 + 0.24 1465 + 96 -

Fig. 2. Correlation between stress solution and failure locations in a typical
M3.UD.24 sample at failure.

of the objectives of the test campaign is to use actual test configurations
used in industry, in some cases, sample dimensions or loading parameter
are not in agreement with the requirements established in the test
standards. Despite this fact, the procedures described in the ASTM [20]
standard have been employed to determine the Curved Beam Strength,
CBS, of each coupon, defined as:

CBS = (€8]

Mexp
“wo
where M.y, is the moment applied in the curved section when failure of
the sample takes place and w is the width of the sample. Experimental
failure moment M.y, can be determined from the experimental failure
load and corresponding displacement measurements using equations
(1)-(3) in [20], considering the dimensions of the test configuration

150 F Oaverage x individual %
L [% s
- % LJ
— 100 AR R
o, L
=) : E
g 50 T
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co ] < N
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provided in Tables 1 and 2 and the sample dimensions. The individual
dimensions of each sample, not reported for the lack of space, are
employed in the calculation of the CBS.

In Table 3, the average values (along with the 95 % confidence in-
terval determined from the set of individual measurements [23]) of
failure force and displacement for the UD, CP, and QI samples made of
material M1 are displayed, along with their respective CBS calculations.
The same procedure was adopted to obtain the results in samples made
of materials M2 and M3. However, to preserve confidentiality, the re-
sults for materials M2 and M3 will be presented in a non-dimensional
manner in the subsequent sections.

For each material, the Interlaminar Tensile Strength, Ss3, is deter-
mined based on the CBS of the [0,] samples that were tested. The
calculation involves finding the maximum of the o33 interlaminar stress,
using equations (4)-(6) in [20]. As can be seen in Fig. 2, where the
interlaminar stress solution is shown superimposed onto a post-mortem
image of a tested sample, predicted failure location is in excellent
agreement with the main crack appearing in the sample.

The ILTS for material M1, has been obtained using the UD sets shown
in Table 3, while considering the dimensions of the test configuration
provided in Table 1 along with the material M1 stiffness properties,
resulting in an average value of (S33),;; = 103.5 & 8.8 MPa. This value is
slightly different to the ILTS value reported in [21], since a different set
of samples has been considered to obtain the average value. Notice that
the sample dimensions employed for determining (Ss3),; are not in
agreement with the requirements established in ASTM D 6415/D 6415
M standard. Notwithstanding, the reported value of (Ss3),, is consid-
ered a good approximation of the actual ILTS of the material.

The ILTS values for materials M2, (Ss3),, = 60MPa, and M3,
(S33)ys = 87.5MPa, have been obtained following the same procedure
described for material M1, although details on the actual calculations
are concealed due to confidentiality reasons. Results of the tested UD
samples of materials M1 and M3 are respectively shown in Fig. 3(a)-(b),
where the average values of each set of samples is indicated with a
square, and the individual results of each sample are also reported. For
material M3, samples with two distinct inner radii, r;, have been tested.
Although only the samples with r; = 5 mm have been used to determine
the ILTS of material M3, all results are presented in Fig. 3(b) to show the
range of variability in the results.

Notice that, considering all UD test results of materials M1 and M3
presented in Fig. 3, arange of 0.78 < 033 max/S33 < 1.15 is obtained. This
high variability of the results is inherent to the test of L-shaped samples,
especially in thin samples and samples with small inner radius, possibly
due to the difficulty in obtaining a good alignment and compaction in
the corner during manufacturing.

The in-plane strength of the material in the direction perpendicular
to the fibers, denoted as Sy, is taken from existing literature or previous
test campaigns carried out. For material M1 (S22),; = 64 MPa is taken

150 14‘ [Javerage * individual ’7
< 100 + x
T
= & - «

£ 50 T
S R=3mm  R=5mm M3.UD
0+ | 1 |
O el < N (o]
(@] i [\l o <

(b)

Fig. 3. Test results of UD samples: (a) material M1, (b) material M3.
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from [17], for material M3 (S22),,, = 50 MPa is obtained and for mate-
rial M2 (522)M2 = 97 MPa.

3. Stress analysis and failure criteria

In order to analyze the failure mechanisms associated with the
unfolding failure based on stress states associated with the failure loads,
let us consider the following reference system where the ply stresses in
the orthotropic directions are denominated as 611, which represents the
normal stresses along the fiber direction (with 0" fibers following the
curvature and into the straight arms), 655, which represents the normal
stresses in the in-plane direction perpendicular to the fiber and o33,
which represents the normal stresses in the direction of the thickness of
the laminate, commonly referred to as interlaminar normal stress (INS).

As mentioned previously, the failure behavior of UD curved lami-
nates follows a conventional mode, where the final breakdown of the
composite laminate occurs due to delamination induced by o33 inter-
laminar stresses. When o33 reaches the interlaminar strength of the
material, i.e., when 633 = S33, delamination is initiated at the location in
which the maximum o33 is achieved. This delamination progresses un-
stably, immediately leading to the final failure of the laminate.

Conversely, non-UD curved laminates exhibit a distinct failure
mechanism, known as induced unfolding [14], where the failure is
initiated by an intralaminar damage associated to o3, intralaminar
stresses. For establishing the stress criteria, it is assumed that this
intralaminar damage emerges in the 90" ply closest to the inner radius of
the curved laminate and that, under sufficiently high o33 interlaminar
stresses, this intralaminar damage propagates as a delamination and
ultimately leads to the final failure of the laminate. Notice that, with the
reference system defined above, 62, intralaminar stresses in the 90" ply
are the circumferential stresses directly associated to the applied
bending moment. Since the moment tries to open the arms of the sample,
it creates tensile 62, stresses in the inner 90 plies with the innermost 90
ply experiencing the highest stresses.

In both UD and non-UD curved laminates, the failure is catastrophic
and results in the instantaneous appearance of multiple cracks, making it
challenging to predict the specific failure modes accurately.

In the present study, a pointwise strength criterion for the onset of
induced unfolding in non-UD laminates is presented, particularly
considering in plane and out of plane strengths Sy2 and Sss.

To this end, the stress analysis tool presented in [15] is employed
here to evaluate the stresses under a certain applied moment M,
considering also the residual stresses developed during the
manufacturing process. The combined effect of residual and applied
stresses is expressed as

o;(M,r) = o’;(r) +Mo'f;’(r) 2)

where o] denotes the residual stresses and o}’ represents the stresses

corresponding to a unit bending moment.

In the context of pure bending state of the curved beam, where shear
stresses are neglected, our focus lies in predicting unfolding failure
utilizing the maximum stress criterion within the mid-section of the
curved part of the sample.

According to the assumptions made, traditional unfolding occurs
when the maximum o633 interlaminar stress reaches the interlaminar
tensile strength S33. Therefore, the moment causing traditional unfold-
ing, My,, can be determined from:

_ AT
M,, = min {7&3 G33(r)} with
o5 (r)

r

S33 — ‘7;3(’) >0 3)
o (r)
The occurrence of the first intralaminar damage is also going to be
determined using the maximum stress criterion. According to this cri-
terion, intralaminar failure occurs when the maximum o, intralaminar
normal stress reaches the intralaminar tensile strength Sis. Therefore,
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Table 4
Average ratio between experimental failure moments and analytical predictions
for failure in multidirectional samples made of material M2.

Set Mexp /My Mexp /Mjia Mexp /Miy

M2.MD.09 0.615 + 0.028 0.900 + 0.041 0.900 + 0.041
M2.MD.16a 0.824 + 0.062 1.203 + 0.091 1.203 + 0.091
M2.MD.16b 0.918 + 0.026 1.341 + 0.038 1.341 £+ 0.038
M2.MD.28 0.774 + 0.024 1.087 + 0.033 1.087 + 0.033
M2.MD.48a 0.967 + 0.059 1.007 + 0.061 1.007 + 0.061
M2.MD.48b 0.784 + 0.020 1.009 + 0.026 0.882 + 0.023

the moment causing first intralaminar damage, Myq, can be determined
from:

Mﬁd = min
reINL

{SZZ - ‘7272(”)} ith Sn — ok, (r) 0 4

o (r) o (r)

where r € INL denotes that only the innermost block of 90" layers are
considered.

Notice that, in the study presented in [14], the values of Mpy were in
very good agreement with the experimentally determined failure mo-
ments. However, as will be detailed later, this is not always the case,
since sample failure does not always take place immediately after the
first intralaminar damage onset. For the intralaminar damage to prop-
agate unstably as a delamination, a certain level of interlaminar stresses
should be reached. This level was quantified in the range between 25%
and 35% of Ss3 for material M1 in a preliminary study [22]. In this
paper, after the parametric study summarized in Appendix A, we adopt
the lower bound of this interval, and generalize it for all materials under
study, to define the moment required to achieve an interlaminar stress
level that enables the propagation of intralaminar damage as delami-
nation, Mg,, which is consequently defined as:

{M} ith M

M, = min
: o5 (r) o%(r)

>0 )

reINL
In view of (4) and (5), the induced unfolding failure moment, My, that
is, the moment that causes failure of the sample after an intralaminar
damage propagates unstably as a delamination is defined as:

M,-u = max [Mﬁd7Mdp} (6)

Based on the previous hypotheses, it is postulated that traditional
unfolding occurs when M.y, = M, while induced unfolding takes place
when M., = Mj,. In the latter case, there are two distinct scenarios. On
one hand, if Mg > My, sample failure is instantaneous after the onset of
the first intralaminar damage, while, on the other, if Mpg < Mg, a
certain increase in the applied load is required to cause sample failure
after the onset of the first intralaminar damage. Obviously, since failure
is catastrophic in all scenarios, in each configuration only the failure
mechanism requiring a lower load takes place.

In the following section, a detailed analysis of the stress state in the
samples of the test campaign is conducted to demonstrate that the fail-
ure mechanism in each case can be predicted with fairly good accuracy
using the simple stress-based failure criteria defined above.

4. Failure analysis of material M2 samples

In this section, the studies concerning multidirectional curved lam-
inates made of material M2 available in [14] are revisited to address two
key aspects. First, for the lack of information, the assumption that S33 =
S22 was made for material M2 in [14] while distinct experimentally
measured values of S35 and Sz, have been employed in the present study.
Second, for the sake of simplicity, the effect of residual stresses was
approximated in [14], while it has been more rigorously incorporated in
the calculations in this study, as described in the previous section.
Notwithstanding, the results show that the simplifications made in [14]
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Fig. 4. Ratio between experimental failure moments and analytical predictions in M2.MD samples: (a) all unfolding failure predictions, (b): induced unfolding

failure prediction.
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Fig. 5. Evolution of 652/S22 and 033/Ss3 in typical M2.MD samples at failure: (a) M2.MD.28, (b) M2.MD.48a.

do not significantly affect either the results obtained, or the conclusions
derived from them.

Table 4 provides an insightful overview of the ratio of the experi-
mental failure moments, M.y, to the distinct predictions for the failure
moment, Mpq, My, and My, obtained respectively from (3), (4) and (5),
for samples made of material M2. Notably, the comparison of experi-
mental results with predictions for traditional unfolding yields a range of
0.61 < Meyy /My, < 0.97. These results provide clear evidence that,
when failure occurs, interlaminar stresses are well below the allowable
limit. In contrast, the comparison of experimental results with pre-
dictions for induced unfolding exhibits a range of
0.90 < Meyy /My, < 1.34, suggesting that the occurrence of this failure
mechanism is closely aligned with the experimental results. Remark-
ably, when comparing the values of M,y /Mpg with the ratio of

experimental results to induced unfolding, M, /M, , it can be seen that
they are identical in most cases (and very similar when not identical).
These results confirm the conclusion drawn in [14], that when the first
intralaminar damage takes place, interlaminar stresses are sufficiently
high for propagating it as a delamination. Consequently, failure of the
sample occurs either instantaneously after the onset of the intralaminar
damage or require a slight increase in the applied load.

The ratio of the experimental failure moments to the distinct pre-
dictions for the failure moment, Mex,/Mpr, With My = Mg, My, My,
(along with the range covered by all individual measurements) are
represented in Fig. 4(a), in logarithmic scale. Notice that the scale
employed in this plot is the same as the scale employed in Figs. 7(a) and
9(a), where the results for the samples of materials M1 and M3 are
presented, to facilitate the comparison between them. For a clearer view

(b)

Fig. 6. Correlation between stress solution and failure locations in typical M2.MD samples at failure: (a) M2.MD.28, (b) M2.MD.48a.
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Fig. 7. Ratio between experimental failure moments and analytical predictions in M1.CP and M3.CP samples: (a) all unfolding failure predictions, (b): induced

unfolding failure prediction.

of the results of the samples analyzed in this section (for which all
predictions are, in fact, relatively close to the experimentally measured
failure moment) results of Mex, /M, are presented in Fig. 4(b) in a dec-
imal scale. To show the dispersion of the results, for each set, both the
average value and the individual results are presented.

Fig. 5 provides a deeper insight into the failure behavior of the MD
samples by showing typical evolutions along the thickness of 622/S22
normalized intralaminar stresses and o33/S33 normalized interlaminar
stresses, evaluated using (2) with M being the actual failure moment of
each sample. A normalized thickness coordinate ranging from 0 (in the
inner part of the sample) to the number of layers is used in the horizontal
axis.

Analyzing the stress distributions in both samples, it can be clearly
seen that, at the failure moment, o295 reaches its allowable value S5 at
the innermost 90 ply, i.e. the third ply in the M2.MD.28-6 sample and
the fourth ply of the M2.MD.48a-2 sample, thus giving rise to intra-
laminar damage in these layers. Moreover, within these layers, the
interlaminar stresses are sufficiently high to facilitate the propagation of
this intralaminar damage as delamination.

As a support of the assumptions made, a critical examination of the
damage locations on the broken samples is carried out and compared
with the failure predictions to assess the capability of the criterion
proposed. Fig. 6 shows two broken samples of the sets M2.MD.28 and
M2.MD.48a, overlaid with the solutions for ¢33 interlaminar stress (in
red color) and the o5, intralaminar stress (in blue color). As mentioned
above, in both cases, the highest values of o2 are recorded in the
innermost 90" layer (marked with shaded blue and the legend IU in the
picture) and the images show clear evidence of damage in this region.

Although the failure of the samples is catastrophic and lead to the
formation of multiple cracks, all samples present evidence of intra-
laminar damage in their innermost 90" layer, along with a delamination
crack in one of its interfaces. This fact supports the assumptions made in
the development of the failure criteria proposed.

5. Failure analysis of material M1 and M3 samples

In this section, the failure of samples made of material M1 and M3
are analyzed following the same procedures described in the previous
section.

The ratio of the experimental failure moments to the distinct pre-
dictions for the failure moment, M., /M,, are represented in Figs. 7(a)
and 10(a), where it can be appreciated that the prediction given by M, is
the most accurate in all cases. In the following, the results of these
samples are described separately in detail.

Notice that, in contrast to what is obtained for samples of material
M2, the load required to induce first intralaminar damage in samples of
materials M2 and M3 is significantly lower than the failure load, that is,
M.y /Mjig>1. Notwithstanding, no clear effect on the global stiffness of

Table 5

Average ratio between experimental failure moments and analytical predictions
for failure in [0, 902, 0, samples.

Set Mep/Mu Mo /Mja Mo /Miy
M1.CP.08 0.292 + 0.027 3.30 + 0.30 1.18 £ 0.11
M1.CP.16 0.437 + 0.055 3.13 + 0.39 1.07 +0.13
M1.CP.24 0.640 + 0.098 3.20 + 0.49 1.16 +0.18
M1.CP.32 0.689 + 0.079 2.73 £0.31 1.04 +0.12
M3.CP.08 0.208 + 0.012 5.47 + 0.32 0.844 + 0.049
M3.CP.16 0.378 + 0.038 6.79 + 0.68 0.931 + 0.093
M3.CP.24 0.640 + 0.052 7.32 £ 0.59 1.162 + 0.094
M3.CP.32 0.670 + 0.033 5.61 + 0.27 1.019 + 0.050
M3.CP.48 0.641 + 0.042 3.64 + 0.24 0.804 + 0.052

the specimen can be appreciated in the load/displacement curves
(shown in Appendix B).

5.1. Failure analysis of [0,902,0,]g samples

The [0,90,,0,]y stacking sequences (CP) employed are detailed in
Table 2. Notice that apart from CP1 samples, the rest of the stacking
sequences deviate from the general rules of the laminate design. These
unconventional stacking sequences were intentionally chosen to incor-
porate weak layers in the laminates, specifically the 90° layers situated
in the inner radii. These weak layers are expected to be the first to
experience failure, offering valuable insights into induced unfolding
failure mechanism.

Results of CP samples made of materials M1 and M3 are presented in
Table 5 and plotted in Fig. 7(a). When comparing the experimental re-
sults with predictions for traditional unfolding, we observe a narrow
range of 0.2 < Mey /My, < 0.69. This indicates that, at the point of
failure, o33 interlaminar stresses are well below the allowable threshold.
In contrast, the comparison of experimental results with predictions for
first intralaminar damage shows a significantly broader range of
2.73 < Meyy /Mjiq < 7.32. In other words, failure occurs at a significantly
higher load than that required to create the first intralaminar damage. In
contrast with what was observed in the previous section, when the first
intralaminar damage takes place, interlaminar stresses are not suffi-
ciently high to propagate this damage as a delamination, thus leading to
a considerable discrepancy between the load required to create the onset
of intralaminar damage and the actual failure load. Notwithstanding,
the comparison of experimental results with predictions for induced
unfolding yields a range of 0.80 < M.,/M;, < 1.18. These results,
visually represented in Fig. 7(b), demonstrate a good alignment between
the predicted failure loads and the experimental results, with less than
20% error and underscore the efficiency of the proposed criterion for
predicting induced unfolding failure load.
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Fig. 10. Ratio between experimental failure moments and analytical predictions in M1.QI and M3.MD samples: (a) all unfolding failure predictions, (b): induced

unfolding failure prediction.

Fig. 8 illustrates the 092 and o33 stress distributions in typical 24-ply
samples made of materials M1 and M3 calculated analytically using the
experimentally measured failure moment. As expected, both plots
display a similar pattern (the slight differences arise from the distinct
thermal and stiffness properties of the materials), where the o5, intra-
laminar stresses reach their maximum values in the innermost 90" layer.
Within these layers, o2 is clearly above its allowable value, 625/S22 > 1,
that is, significant intralaminar damage should exist in these layers prior
to the final failure of the samples. Moreover, the o33 interlaminar
stresses in these layers are observed to be reasonably equal to the limit

considered for the intralaminar damage to propagate as a delamination,
033/S33 = 0.25. Although not shown here for the lack of space, this
consistent trend is observed across all the CP samples.

Fig. 9 displays the stress distributions superimposed on the tested
M3.CP.24-2 sample, providing clear visualization of the correspondence
between the predicted location for failure initiation and one of the actual
crack locations within the laminate, further supporting the suitability of
the proposed approach for predicting the unfolding failure mechanisms.
Fig. 9(b) provides a microscopic image of the section of inner block of
90’ plies, where the intralaminar crack can be seen propagating from the
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Table 6
Average ratio between experimental failure moments and analytical predictions
for failure in multidirectional samples made of materials M1 and M3.

Set Moy /My, Mexp /Mg Mexp /My,
M1.QI.08 0.302 + 0.033 3.94 +0.43 1.12 £ 0.12
M1.QL16 0.448 + 0.014 4.83 £ 0.15 1.285 + 0.040
M1.QL.24 0.549 + 0.028 5.25 + 0.27 1.372 4+ 0.070
M1.Q1.32 0.561 + 0.037 4.84 £ 0.32 1.267 4+ 0.083
M3.MD.10 0.3616 £ 0.0077 14.59 £+ 0.31 0.571 + 0.012
M3.MD.12 0.3743 £ 0.0095 12,19+ 0.31 1.253 4 0.032
M3.MD.16a 0.527 £ 0.012 13.97 £ 0.33 1.380 + 0.033
M3.MD.16b 0.518 + 0.020 16.56 + 0.64 0.797 + 0.031
M3.MD.28a 0.550 + 0.029 12.88 + 0.69 1.160 + 0.062
M3.MD.28b 0.509 + 0.031 17.0 £ 1.0 0.886 + 0.053
M3.MD.28¢ 0.630 + 0.019 16.23 + 0.50 0.693 + 0.021
M3.MD.28d 0.730 + 0.014 26.33 + 0.49 0.654 + 0.012
M3.MD.36a 0.623 + 0.028 13.13 £ 0.59 1.196 + 0.054
M3.MD.36b 0.647 + 0.011 14.70 + 0.24 0.657 + 0.011

lower 90" layer to the upper 90" layer.

5.2. Failure analysis of quasi-isotropic and multidirectional samples

The stacking sequences of the quasi-isotropic (QI) laminates made of
material M1 and multidirectional (MD) laminates made of material M3
are provided in Table 2. It is important to highlight that for QI laminates,
stacking sequences were deliberately selected to achieve a low Mjq/My,
ratio, indicating that the failure initiation is expected to occur in the
innermost 90" layers prior to interlaminar failure. Conversely, the MD
laminates were designed with typical layups commonly employed in the
corners of actual composite structures, making it more representative of
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practical applications in the aeronautical industry.

Table 6 and Fig. 10(a) provide a comprehensive comparison of the
experimental results with the predictions for both QI and MD samples.
When examining the experimental results in comparison to the pre-
dictions for traditional unfolding, a range of 0.30 < M.y, /My, < 0.73 is
observed. These results reaffirm the findings seen in [0, 903, 0, sam-
ples, indicating that at the point of failure, the interlaminar stresses are
far below their allowable value. Conversely, when considering the
experimental results in relation to the predictions for first intralaminar
damage, a significantly broader range of 3.94 < M.y,/Mjq < 26.33 is
observed. This substantial difference between the onset of first intra-
laminar damage and the actual failure signifies that a very high increase
in the applied load is required in some cases to cause the failure of the
sample after experiencing the first intralaminar damage. Remarkably,
when comparing the experimental results with predictions for induced
unfolding, shown in Fig. 10(b), a significantly good agreement is
observed, with a range of 0.57 < M, /My, < 1.38.

Furthermore, Fig. 11 presents typical stress distributions in MI.
QI.32-1 and M3.MD.16b-3 samples. As observed in the previous cases,
both QI and MD laminates exhibit maximum intralaminar stresses in the
innermost 90" layers in both QI and MD samples. Notice that, in these
layers, 022 is well above its allowable value, 622 /S22 > 1, and, therefore,
significant intralaminar damage should exist in these layers prior to the
final failure of the samples. Moreover, supporting the assumption made
for the propagation of the intralaminar damage as a delamination, it can
be clearly appreciated that the o33 interlaminar stresses in 90" are
reasonably equal to the limit considered, that is, 633/S33 = 0.25.

Fig. 12 displays the stress distributions superimposed onto a typical
sample of the M3.MD.28a and M3.MD.36a sets, where it can be clearly
observed the wavy intralaminar damage in the innermost block of 90
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Fig. 11. Evolution of 622/S22 and 033/Ss3 in typical multidirectional samples at failure: (a) M1.QIL.32, (b) M3.MD.16b.

Fig. 12. Correlation between stress solution and failure locations in typical multidirectional samples at failure: (a) M3.MD.28a, (b) M3.MD.36a.
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layers and the delamination crack arising from it.
6. Discussion

The coherent agreement between the predicted and actual failure
loads and locations undoubtedly support the assumptions in which the
proposed criterion for predicting failure modes in composite laminates is
based. However, there are some instances where certain deviations from
the predicted outcomes can be observed. In subsequent subsections, we
examine these discrepancies and explore potential causes that might
contribute to the observed deviations.

With the analysis tool developed, regularized stresses in the interior
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of the curved region are employed to obtain the failure predictions.
Consequently, the effect of the free-edge stresses is not considered here
(see [24] and references therein). Up to a 16 % increase in the CBS was
reported in [25] when free-edge effect is reduced using a resin edge
treatment. Free-edge effects may be an alternative potential cause
contributing to the observed deviations. Notwithstanding, notice that,
w/t ratios higher than those defined by ASTM standard [20] have been
employed, which reduces the effect of the free-edge stresses.

6.1. Separation of the 90" layers

When comparing pairs M3.MD.28a/M3.MD.28c and M3.MD.36a/
M3.MD.36b, the first set has a stacking sequence featuring a block of two
90’ layers together [45, — 45,905, ---| while in the second set, the block
is distributed in the form [45,90, — 45,90, ---]s. As depicted in Fig. 13,
separating the 90" layers does not significantly affect the failure load.

Notice that, in the samples with separated 90" layers, the failure
prediction is notably improved if we consider that failure initiates in the
second 90" layer (IU*) instead of the innermost 90° layer.

Stress analysis reveals that in samples with separated 90 layers, 633
stresses in the innermost 90" are below their limit value, while stresses in
the second 90° layer are at the limit, as can be seen in Fig. 14. Post-
failure images confirm that failure might have initiated in the second
90’ layer, as evident in the comparison between Fig. 15 with Fig. 12.

However, its important to note that this pattern is not consistently
observed in all stacking sequences. For instance, in Fig. 11, the sample
M1.Q1.32 features two blocks of two 90" layers, and failure seems to be
triggered in the innermost, despite the induced unfolding failure criteria
being fulfilled at a lower load in the second block.

Notice that, although a thickness dependence of Sy, has been re-
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Fig. 14. Evolution of 022/S22 and 033/S33 in typical multidirectional samples at failure: (a) M3.MD.28c¢c, (b) M3.MD.36b.
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Fig. 15. Correlation between stress solution and failure locations in typical multidirectional samples at failure: (a) M3.MD.28c, (b) M3.MD.36b.
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Fig. 17. Effect of moving outwards the 90" layer. M represents each experi-
mental or predicted failure moment and M, is the IU failure moment predic-
tion of the M3.MD.16a set.

ported in [26,27] for flat laminates, the same value has been considered
here in all cases since transverse stresses are linearly varying in the block
of 90" layers and transverse damage is assumed to appear mostly in the
region close to its inner interface, where the transverse stresses are
higher.

6.2. Increasing the inner radius

To show the significant effect of the inner radius of the corner on its
failure load, pairs M3.MD.28a/M3.MD.28b and M3.MD.28c/M3.
MD.28d have been designed in a way that, in each pair, the first set has
r; = 6 mm and the second r; = 10 mm, while keeping the same stacking
sequence.
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As depicted in Fig. 16, experimental results clearly demonstrate that
increasing r; significantly increases the load that the corner can sustain.
Notice that the proposed failure criteria can predict accurately this in-
crease, provided the correct 90" layer in which failure initiated is
identified.

6.3. Effect of moving 90" layer outwards

Comparing pairs M3.MD.16a/M3.MD.16b which only differ in the
position of the innermost 90" layer, experimental results show that both
sets can sustain the same load, see Fig. 17.

According to predictions, relocating the 90" layer outwards, would
increase the failure load (since interlaminar stresses, displayed in
Fig. 18, are lower in the 90" layer). Notwithstanding, predictions are not
accurate in these samples (a possible reason for that being that they are
very thin and thus more affected by fiber wrinkling) and a more detailed
analysis is required.

7. Concluding remarks

In this paper, we conducted an extensive experimental test campaign
using three different thermoset materials and distinct stacking se-
quences to investigate the failure in curved composite laminates. Our
primary objective was to assess the induced unfolding failure phenom-
enon in non-UD laminates by utilizing a simple pointwise stress criterion
to determine the induced unfolding failure moment Mj,.

The comparison between experimental results and predictions
demonstrated consistent agreement for experimentally measured failure
moments and M, failure moment predictions.

In all cases, failure occurs below the load needed to cause pure
interlaminar failure, My,, thus supporting the hypothesis that, in most
cases, unfolding failure is initiated by an intralaminar damage.

For material M2, in which Sy5 > S33, the load required to induce first
intralaminar damage, Myq, in all sets considered is very similar or equal
to My, meaning that failure of the sample is instantaneous after intra-
laminar damage. For materials M1 and M3, where S;; < S33 in all sets
considered Mgy < My, therefore, an increase in the applied load is
required to cause the first intralaminar damage to propagate as subse-
quent delamination.

The majority of the sets analysed exhibited coherent agreement
when comparing the test results with the induced unfolding failure
predictions. Moreover, stress analysis and assumed damage initiation
locations also agree with the location of the cracks in the failed samples.

Some specimens showed certain deviations from the predicted re-
sults, shedding light on the limitations of the proposed criterion.
Notwithstanding, a high dispersion of the results is inherent to the
failure of highly curved laminates and, despite the simplicity of the
criterion proposed, the overall agreement in predicting the induced
unfolding failure load in multidirectional stacking sequences is similar
to the agreement obtained in predicting the traditional unfolding load in
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Fig. 18. Evolution of 022/S22 and o033/S33 in typical multidirectional samples at failure: (a) M3.MD.16a, (b) M3.MD.16b.
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UD-laminates.
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Appendix A. Pointwise stress criterion for induced unfolding

The induced unfolding failure criteria used in this work is based on the assumption that unfolding failure is initiated in the innermost block of 90
plies, where intralaminar stresses 633 > Sy create an intralaminar damage which in the presence of sufficiently high interlaminar stresses 633 > kS33
(with k = 0.25) causes an intralaminar crack that further propagates as a delamination.

Notice that, although this failure mechanism resembles the failure mechanism of a [0, 90,, 0] flat laminate loaded in tension, there are significant
differences. In flat laminates, transverse stresses in the 90" plies are constant, and once the transverse strength S», is reached transverse cracks appear
spanning almost the whole width of the block of 90" plies. A sufficient increase in the applied load results in the appearance of delamination cracks at
the interfaces between the 0° and 90" plies, which start from the tip of the transverse cracks.

Crack paths seen in the innermost block of 90" plies of the unfolding samples show a significantly different pattern, see for instance Figs. 9 and 12.
Instead of a set of transverse cracks with interfacial delamination cracks arising from them, a single (sometimes branched) longitudinal interlaminar
crack with an intricate path is seen in the curved region, which eventually migrates to the interfaces of the block of 90" plies and propagates into the
straight arms as delamination.

Since the sample is loaded in bending, transverse stresses are linearly decreasing from the inner to the outer interfaces of the innermost block of 90°
plies. Consequently, when the transverse strength Sy, is reached, a certain damage is created in these plies (without forming a transverse crack). This
intralaminar damage weakens the plies until a sufficiently high interlaminar stress causes the appearance of a longitudinal crack which grows unstably
causing a significant loss of stiffness and sample failure.

Preliminary analysis carried out by the authors and coworkers, using fracture mechanics approaches capable of modelling damage onset and
propagation, like finite fracture mechanics and phase-field modeling of fracture, confirm the feasibility of the abovementioned failure mechanism.
Notwithstanding, for design purposes, a simple empirical stress-based failure criteria, like the one presented in this paper, is of great practical interest.

In Fig. 19, the results of a sensitivity analysis of the proposed stress-based criteria for unfolding failure, which combines 22 > S22 and o33 > kSss is
presented. The induced unfolding failure moment M, (k) is determined following (4)-(6), replacing the 0.25 reduction coefficient in (5) by a parameter
k. To include all non-UD samples considered in this study, results are non-dimensional, dividing, for each sample configuration, the induced unfolding
failure moment by the average experimental CBS of the individual samples, M,.

10 + x M2.MD 10 - —~M2.MD
g  emice g —~M1.CP
s [ e é g o M1.QI . [ = ML.QI
S £ é ° M3.CP S - M3.CP
21 55 EEEEEEE =1+
S o L « M3.MD ST —M3.MD
=) L g g B Oaverage =) L -O-average
0.1 +—*— | | | | | 0.1 +—— | | | | |
0 01 02 03 04 05 06 0.7 0 01 02 03 04 05 06 0.7

reduction factor, k reduction factor, k

(a) (b)

Fig. 19. Induced unfolding failure criteria sensitivity analysis: (a) all configurations, (b) set averages.

In Fig. 19(a) and (b) the black dots represent the average of all configurations. As can be seen, the best agreement between analytical predictions
and experimental results Mj,(k)/Mg = 1 is obtained when k = 0.25. To gain an insight into the dispersion of the results all configurations analyzed
are represented with different colors in Fig. 19(a), where it can be seen that the lower dispersion is also obtained when k = 0.25. For the sake of
comparison, doted lines indicate the lower and upper bounds of the ratio between the individual and averaged experimental CBS measurements. To
better distinguish the results corresponding to the different sets of samples considered, results of all configurations in each set are represented
averaged in Fig. 19(b).
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Appendix B. Experimental plots of M1 and M3 samples

Composites Part A 181 (2024) 108139

Experimental load/displacement response of multidirectional samples of material M1 and M3 are respectively shown in Figs. 20 and 21. For

confidentiality reasons scale in Fig. 21 is undisclosed.
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