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The behavior of composite laminates subject to notch based stress concentrations is difficult to appre-
hend, especially the mechanisms of damage progression leading to total failure. Numerical and experi-
mental investigations were carried out on three different stacking sequences of notched, thin ply
carbon/epoxy laminates. This paper presents a computational study of notched tensile tests (U-notch)
using the Discrete Ply Modeling (DPM) method, which has already proved efficient on both in-plane
and out-of-plane loading cases, such as pull through, low velocity impact and compression after impact.
The specificities of this finite element model are its discrete nature (interface elements to model delam-
ination and matrix cracks), the small number of parameters required, and its robustness. This work fol-
lows on from the study of open-hole tensile tests (same three layups) by the same authors [1] and
analyzes the influence of layup and notch shape. Comparisons with experiments (using infrared technol-
ogy) demonstrate that tensile strengths, and failure scenarios and patterns are predicted with acceptable
accuracy.
1. Introduction

Composite materials are now largely used in most transport
vehicles, especially in the aerospace and astronautics fields [2].
To demonstrate the strength of a fuselage, aircraft manufacturers
must prove that it can sustain extensive damage called a ‘‘2-bay
crack” (Fig. 1). Thus notched strength is one of the main design dri-
vers for aeronautic composite structures. In order to evaluate the
residual strength of composite structures with a hole or notch,
two main types of method can be used; stress-based methods
and energy-based methods.

1.1. Literature review

The stress-based methods use the stress field in the vicinity of
the hole/notch and the energy-based methods use the evolution
of the Strain Energy Release Rate (SERR) when the crack propa-
gates. For example, a stress-based method, the well-known ‘‘point
stress” failure model [4,5] uses the stress at a distance d0 from the
hole/notch in order to apply a failure criterion and to evaluate the
structure failure. The physical meaning of this distance d0 is the
damaged area at the hole/notch tip that smooths the stress field.
A similar distance is used in the ‘‘average stress” failure model
[4,5]. For this model, the stress is averaged over a distance d0,
called the ‘‘average distance”, in order to smooth the stress field
calculated in the neighborhood of the hole/notch. This distance
d0 allows simple elastic Finite Element (FE) calculations to be used,
and avoids the need for complex calculations taking the composite
damage into account. These methods also make it possible to sim-
ulate the size effect [6–10], even though d0 can depend on several
factors [11], such as the stacking sequence, material, hole/notch
size, etc. In particular, the size effect leads to the result that a small
hole is less penalizing than a large hole (for homothetic size of
structures). If the average distance is taken to be constant, d0 will
be proportionally greater for a small hole than for a large one.

Numerous experiments have been conducted to explore the
physical meaning of the size effect [6–10]. For example, Wisnom
et al. [8] studied the size effect on isotropic specimens with thin
plies. They showed that the strength of notched composite lami-
nates decreased when the notch size increased and concluded that
the hole size effect was triggered by the presence of non-critical
damage at the ply level, such as fiber failure, ply splitting, delam-
ination or matrix cracking in the vicinity of the hole, which
smooths the stress concentration. The ratio of the size of this ‘‘frac-
ture process zone” to the specimen size explains the strength dif-
ference between small and large specimens.
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Fig. 1. Location of the ‘‘2-bay crack” in the fuselage [3].
Energy-based methods use the SERR (or the strain intensity fac-
tor) at the crack vicinity in order to evaluate whether the crack
propagates and whether the propagation is stable [12]. The same
concept of average distance can also be used to take account of
the damage developing at the crack tip without performing com-
plex calculations involving the composite damage [13–15].

A lot of models in the literature are based on stress-based meth-
ods and energy-based methods with an average distance concept
[4,5,11,16–21]. However, it can be difficult to assess whether a
stress-based method or an energy-based method is more suitable
to evaluate the residual strength of a given holed/notched compos-
ite structure. In addition, the average distance (d0) is often difficult
to evaluate and can change with the structure size. Eventually, it is
necessary to develop models able to evaluate the residual strength
whatever the size and the shape of the hole/notch. Camanho et al.
proposed an alternative approach to evaluate the residual strength
of composite laminates with a hole or crack [10]. This analytical
approach relies on a both stress- and energy-based method. This
theory, initially introduced by Leguillon [22], predicts failure when
both criteria are met. Compared to classic stress-based or energy-
based methods, the main interest of this approach is to evaluate
the failure strength of the structure and the average distance at
the same time, avoiding having to choose the average distance a
priori. In the same way, Y. Mohammed et al. used cohesive laws
[23] to determine the strength of an open-hole composite laminate
sample. This model, based on Dugdale’s [24] and Barenblatt’s [25]
cohesive law concept links the failure strength to the length of the
process zone.

These fast analytical and numerical methods are very useful and
easy to use but often do not take the influence of the stacking
sequence into account since the strain field is assumed to be con-
stant within the laminate thickness (due to the plate model) [26].
However, experimental results show substantial influence of the
stacking sequence on both failure scenarios and strengths
[27,28]. For example, the final failure of composite laminates with
thick plies is mainly driven by delamination propagation [8,29].
This stacking sequence effect was also observed in the present
Table 1
Test matrix.

Layups C3-1 C3-2 C3-3

Coupon
number

1, 2, 3, 4 5, 6, 7 8, 9, 10, 11

IRT Camera Close-up (1, 2, 3) Close-up (6) Close-up (8, 9)
Wide shot (4) Wide shot (5) Wide shot (10, 11)

DIC cameras Close-up (4) Close-up (5) Close-up (10, 11)
Wide shot (1, 2, 3) Wide shot (6, 7) Wide shot (8)
study, where the failure strength of plain specimens was observed
to vary by about 30% between the different stacking sequences of
laminates with the same number of plies in each direction
(Table 2).

Moreover, more complete numerical models are needed to con-
sider the damage (delamination, matrix cracking, fiber failure, etc.)
developing in the vicinity of the hole/notch and to predict the final
failure strength. Many models have been proposed in the literature
[1,4,10,11,15,29–37] to simulate damage and to predict final fail-
ure in composite structures. The 3 main types of damage (fiber fail-
ure, matrix cracking and delamination) must be taken into account
in order to accurately simulate damage in composite laminates
and, in particular, to simulate the process zone in the vicinity of
the hole/notch. For example, Camanho et al. [26] developed a
model, based on continuum damage mechanics, able to simulate
the onset and propagation of the main damage types. Abisset
et al. used the damage meso-model [32] to model diffuse damage
and matrix cracking with a progressive damage law, whereas a
fracture mechanics law was used for fiber failure [38]. The failure
modes of a notched specimen subjected to tensile loading were
predicted with good accuracy, but a large number of parameters
was needed, which could be difficult to evaluate. Cohesive inter-
face elements are also often used to simulate delamination, and
sometimes matrix cracking. For example, Pinho et al. developed a
model able to predict fiber and matrix cracking using smeared
crack models and delamination using interface elements [39,40].
ONERA is developing a model based on a multi-scale progressive
failure approach, to describe the softening behavior of the fiber
failure, and interface elements, to account for delamination [41].
Similarly, Ridha et al. built a progressive damage model based on
the different damage mechanisms [42], in which continuum dam-
age mechanics is used to represent the in-plane damage and cohe-
sive elements for delamination. Cohesive interface elements are
also sometimes used to represent matrix cracking. For example,
Wisnom et al. used Weibull’s approach to represent fiber failure,
cohesive interface elements to model delamination, and other
interface elements inside plies to model splitting at the edge of
Table 2
Results of plain, open-hole and notched tensile tests.

Specimens C3-1 C3-2 C3-3

r1ð%Þ CV (%) r1ð%Þ CV (%) r1ð%Þ CV (%)

‘‘Plain” 81 2.5 79 3.7 99 1.5
‘‘Small” 61 4.4 58 1.6 71 9.4
‘‘Medium” 56 1.7 54 4.5 67 0.7
‘‘Large” 53 0.5 50 1.3 57 4.1
‘‘Notched” 38 2.5 41 5.0 40 1.7



the hole [43–45]. This work raises the question of whether there is
a need for cohesive interface elements to accurately simulate
matrix cracking and its interaction with delamination [45]. The
Discrete Ply Model (DPM), used in this paper, was one of the first
models to use cohesive interface elements to simulate matrix
cracking and delamination [46,47]. Other models of the same type
exist in the literature [3,8,48–50].

1.2. Purpose of the study

The objective of this paper is to show that it is possible to sim-
ulate two very different tests including stress concentrations using
the same model. The first analysis deals with the open hole tensile
test and the scaling effect. This work was presented in a previous
paper [1] and showed that the DPM was able to simulate the open
hole tensile test with 3 different hole diameters (1 mm, 3.175 mm
and 6.35 mm). The failure of this test is clearly a stress-based fail-
ure, driven by the stress field in the vicinity of the hole and by the
average distance d0. The scaling effect observed in this case can be
seen as an interaction of the process zone with the hole size. The
higher the ratio of the average distance d0 to the hole diameter
is, the more important is the smoothing of the stress around the
notch and the higher is the failure strength. In order to simulate
this test and to obtain the size effect numerically, it is necessary
to simulate damage of different types, such as matrix cracking,
delamination or fiber breakage, and the interaction between these
different types of damage is of great importance if the process zone
is to be simulated accurately.

The second analysis, which is the topic of the present paper,
deals with the notch tensile test. It is the goal of the present work
to study the development of damage during a notch tensile test
and to compare it with that found in the open hole tensile test.
The challenge is both experimental and numerical. Experimentally,
it concerns following the crack propagation during the test. Infra-
Red Thermography (IRT) was used for this purpose and showed
very interesting results. Numerically, the challenge is to use the
DPM to simulate a stress-based test (the open hole tensile test)
and an energy-based test (the notch tensile test). In order to sim-
ulate these different tests, it is necessary to take the process zone,
and in particular matrix cracking, delamination and their interac-
tion, into account. It is of equal importance to take the crack prop-
agation into account, and in particular the energy dissipated by the
tensile fiber failure.

1.3. Analytical results

‘‘U-notch” specimen failure is clearly energy-based failure that
is driven, to a first approximation, by the evolution of the SERR
when the crack propagates. The problem is not trivial and a process
zone is created in front of the notch at the beginning of the test and
also in front of the crack initiated from this notch propagation dur-
ing the test. In the present case, the propagation is stable during
the first part of the experiment. The stability of the crack propaga-
tion is classically driven by the evolution of the SERR with the
crack length: if the curve is increasing, the propagation is unstable
and, if the curve is decreasing, the propagation is stable. Neverthe-
less, this stability criterion should be considered with caution,
because it is true only if the SERR curve versus the crack length
is accurate. This curve can be difficult to evaluate because the pro-
cess zone smooths the stress at the crack tip; it moves with the
crack propagation and its size and morphology can change. The
creation of the process zone explains the dissipation of energy dur-
ing the crack propagation and the evolution of its size explains the
R-curve: the farther the crack propagates, the larger is the size of
the process zone, the higher is the energy needed to propagate
the crack and the higher is the critical SERR.
In order to highlight the failure scenario of the 2 test types stud-
ied here, the open hole and the notched tensile test, the curves of
the SERR (in the framework of linear fracture mechanics) are plot-
ted versus the crack length in Fig. 1. These curves, and the physical
meaning extracted from them, should be taken with caution
because they were elaborated with a simple elastic FE calculation
with plate theory and the process zone was not simulated.

It is very important to note that, in this figure, we chose to plot
the SERR for the failure stress of each test. Different values of fail-
ure stress were obtained for the 4 experiments: 0.63 (dimension-
less stress) for the 1 mm-diameter hole, 0.59 for the 3.175 mm-
diameter hole, 0.53 for the 6.35 mm-diameter hole and 0.4 for
the notched specimen (these stresses were evaluated as the aver-
age of the failure stress for the 3 stacking sequences given in
Table 2). This choice made it possible to highlight whether the final
failure was more stress-based or energy-based. It is clear in this
figure that the SERR of the open hole tensile test was very low,
and thus the final failure should be stress-based, while the SERR
of the notched tensile test was near the fracture toughness of ten-
sile fiber failure, and thus the final failure should be energy-based.
Nevertheless, the fracture toughness of tensile fiber failure is diffi-
cult to evaluate and a few values are available in the literature. We
considered about 80–100 N/mm for this type of material [51,52].

A few additional remarks may help with the interpretation of
the curves of the open hole specimens. The curve of the 1 mm-
diameter hole tends towards high values when the crack length
tends to 2 mm. This is, of course, because the width to diameter
ratio equals 5, so the ligament size equals 2 mm. Similar results
were obtained at 6.35 mm for the 3.175 mm-diameter hole and
at 12.7 mm for the 6.35 mm-diameter hole. The SERR curves of
the holed specimens are strongly increasing and explain why the
final failure scenario of these tests is unstable and brutal. This bru-
tal final failure was obtained experimentally, except for 2 samples
of 6.35 mm-diameter, where IRT showed the propagation of a
small, stable crack. These experimental results should be taken
with caution because it is more difficult to observe crack propaga-
tion in small specimens than in large ones.

The curves of the 3 hole sizes (Fig. 2) also explain why small
specimens are more resistant than larger ones. Furthermore it
should be kept in mind that, to evaluate the failure using these
curves, an average distance d0 should be used and a value of d0

of about 1 mm would be appropriate as a first approximation
[4,5]. The difference between the SERR curves should be assessed
bearing in mind that the failure stress was used for the FE calcula-
tions. Then, as the failure stress is higher for the small hole than for
the medium sized one, the SERR curve of the small hole would
have been lower if the calculation had been made with the failure
stress of the 3.175 mm-diameter hole (the SERR varies as the
square of the stress). A comparison of the SERR curves of the 3
holes with different diameters for a given stress could clearly
explain the hierarchy of the failure stress, except that the failure
is stress-based and not energy-based! Consequently, the curve of
the SERR should not be used to evaluate the failure strength but
the stress field should be used. (It gives similar conclusions.)

The open hole tensile test is, however, not the topic of this
paper and this article focuses on analyzing notched specimens.
The SERR curve provides us with very interesting information. This
curve is strongly increasing for the first 0.4 mm of crack length and
becomes flatter thereafter (Fig. 2). This strong increase is, of course,
linked to the notch end radius, which was equal to 0.5 mm in this
study. The SERR curve of a perfect crack was plotted for compar-
ison and the 2 curves are very similar as the crack length is more
than 0.5 mm. This result highlights why no significant influence
of the notch end radius is found experimentally, if the radius is
small enough. After this first strong increase, the SERR increases
more gradually. In fact, during the experiment, the crack propaga-



Fig. 2. SERR versus crack length for holed and notched specimens (a) and zoom on
the first 2 mm (b).

Fig. 3. Notched specimen geometry (dimensions in mm).
tion was stable up to a crack length of about 10 mm. This result is
not surprising seeing the SERR curve, considering that this curve
should be taken with caution because the FE calculation is elastic
and the process zone is not taken into account (and should induce
an R-curve effect).

2. Experimental work

2.1. Material and setup

The material investigated in the present study was Hexcel’s
T700-M21 carbon epoxy unidirectional laminate with a nominal
ply thickness of 0.125 mm. Three symmetric stacking sequences
of 13 plies were studied. They presented the same number of plies
in each direction (0�, 90� and ±45�), and only the relative position
of plies changed between layups:

- C3-1 [45/-45/X/X/X/90/0/90/X/X/X/-45/45]
- C3-2 [X/X/X/X/0/90/0/90/0/X/X/X/X]
- C3-3 [X/X/X/X/X/0/0/0/X/X/X/X/X]

For confidentiality reasons, the draping sequences cannot be
fully disclosed in this article. The sample studied was 180 mm
wide and 300 mm long (not taking the grips into account) with a
30 mm central notch having an end notch radius of 0.5 mm
(Fig. 3). The ratio of sample width to notch length was 6, so slightly
higher than for holed specimens (W/D = 5), and the SERR curve was
clearly higher because of this ratio and the notch shape (Fig. 2).

Tests were performed at ambient temperature (about 20 �C)
using a 450 kN hydraulic machine at a displacement control speed
of 0.02 mm/s. During the test, displacement was measured using
an LVDT sensor and load was measured using the load machine’s
sensor. Two stereo-correlation cameras were also positioned on
one side of the specimen and an IRT camera on the other side
(Fig. 4). Images were analyzed with VIC 3D for the stereo-
correlation and Altair� for the IRT measurements. Unfortunately,
the coupons slipped in the machine grips during the tests, so the
strains shown in this paper were evaluated using displacement
from Digital Image Correlation (DIC) measures over a distance of
160 mm (Fig. 3).

Four specimens were tested to total failure for the C3-1 and C3-
3 layups, and three for C3-2. Different configurations linked to the
camera lenses (close-up/wide shot, summarized in Table 1), were
used in order to obtain the maximum amount of information on
the fracture scenario. Stress/strain curves (Fig. 6) were conse-
quently derived from configurations in which the DIC cameras dis-
played a large part of the specimen (wide shot). For close-up
configurations, only failure loads were determined and are
schematized with arrows in Fig. 5. Experimental setup errors on
DIC camera parameters for specimen n�9 and on the IRT camera
parameters for specimen n�7 made it impossible to use these
images.

2.2. Results

Similarly to the experimental results obtained in the previous
study of open hole tension tests [1], the present experimental
results (Table 2) showed little discrepancy for the three stacking
sequences. In Table 2, ‘‘Plain” refers to plain samples used to com-
pare results with holed/notched samples, ‘‘Small” refers to the
1 mm-diameter hole, ‘‘Medium” to the 3.175 mm-diameter hole,
‘‘Large” to the 6.35 mm-diameter hole, ‘‘Notched” to the notched
samples, r1 to the mean remote failure stress and CV to the coef-
ficient of variation. To respect privacy policy, the level of stress and
strain was normalized by the maximum failure stress reached by
one coupon of the C3-3 layup. On average, C3-2 and C3-3 layups
exhibited a total failure load slightly larger than that of the C3-1
layup. Differences between stacking sequences were much
reduced compared to plain and open-hole tension tests. In compar-
ison with holed specimen tests, failure loads were much lower. No
structural failure (B) – defined as the first occurrence of load or
stiffness dropping by more than 5% – was detected before total fail-
ure, except in coupons n�1 and n�8.

2.2.1. Oriented laminate C3-1
2.2.1.1. Failure scenarios and patterns. The first damage observed on
the C3-1 layup from point A (Fig. 5) could be fiber/matrix debond-
ing, matrix cracking, delamination or fiber breakage. The most
energetic failure mode is fiber fracture. A local increase in temper-
ature of about one degree (Fig. 6) seems to indicate such a failure
mode [53]. The others are less energetic: they increase the temper-
ature locally by a few tenths of a degree [53,54].



Fig. 4. Experimental setup for the notched quasi-static tension test.

Fig. 5. Stress/strain curves of the three notched layups (C3-1, C3-2 and C3-3) – comparison between numerical and experimental data.
Once the propagation had begun, emissions of heat were
detected on the right side of the notch (close-up for coupons n�
1, 2 and 3, Fig. 6). They appeared to be relatively symmetrical on
either side of the notch (wide shot for coupon n�4, Fig. 6). The dam-
age then continued to progress up to a brutal total failure. The
crack propagated in an explosive manner, oriented at a few degrees
with respect to the horizontal. After rupture of the laminate, a
symmetrical pull-out failure pattern was obtained (Fig. 7).

2.2.1.2. Crack propagation. In order to allow the application of a
new criterion for comparing the numerical results with the exper-
imental results, two attempts were made to determine the evolu-
tion of the crack length during the test. The first used DIC, the
second, IRT.

Using the DIC technique, we determined the longitudinal strain
(eyy) field near the crack (Fig. 8) at different progressions of the ten-
sile test (41, 43 and 45% in Fig. 9). Test progression (eaverage)was
defined by the average strain of the specimen normalized by the
maximum strain obtained (plain specimen of C3-3 layup). The lon-
gitudinal strain was compared with fiber failure strain (eT0, Table 3)
and, assuming the strain to be constant throughout the thickness
of the laminate, it was possible to estimate the extent of broken
fibers and then the crack length (along~x).



Fig. 6. Damage progression in coupon n�1 (wide shot) and n�4 (close-up) observed
by IRT camera.

Fig. 8. Crack extension determined using DIC.

Fig. 9. Longitudinal strain measurement near the crack using DIC.
The relative position indicated (Figs. 9 and 10) is the position/
length-of-ligament ratio; 0 corresponding to the notch edge and
1 to the free edge of the test coupon. Longitudinal strain (eyy) is
normalized by the tensile fiber failure strain (eT0Þ to become
enormalized
yy (Fig. 8). The purple area corresponds to strain (enormalized

yy Þ
below 1, so, to a first approximation, to the zone without fiber frac-
ture (in the y-direction).

It is then possible to obtain, from Fig. 8, the evolution of the
fiber failure extent as a function of the normalized average strain
Fig. 7. Fracture facie
(eaverage) enforced. This evolution is shown in Fig. 9. However, it is
necessary to consider the evolution of the damage obtained with
care since it was measured on the outside ply. Delamination
between the various plies made it impossible to have a constant
strain throughout the thickness of the laminate; a different strain
of the 0� inside the thickness could be observed. Moreover, it is
likely that the ply observed by the DIC cameras entered the inelas-
s of C3-1 layup.



Table 3
Material properties of the T700/M21 used in the Discrete Ply Model.

Elastic Properties

ET1 Tensile Young’s modulus in fiber direction 130 GPa

EC1 Compressive Young’s modulus in fiber
direction

100 GPa

E2 Transverse Young’s modulus 7.7 GPa
m12 Poisson ratio 0.3
G12 Shear modulus 5.0 GPa

Matrix cracking

YT Transverse tensile strength 60 MPa

SL In-plane shear strength 110 MPa

Fiber failure
eT0 (%) Tensile strain in fiber direction at damage

initiation
1.70%

eC0 (%) Compressive strain in fiber direction at
damage initiation

1.25%

Gfibre;t
Ic

Fracture toughness for mode I in tension 100 N/mm

Gfibre;c
Ic

Fracture toughness for mode I in
compression

20 N/mm

Delamination

Gdel
Ic

Interface fracture toughness for opening
mode (I)

0.5 N/mm

Gdel
II;c

Interface fracture toughness for shear
mode (II & III)

1.6 N/mm

Fig. 10. Comparison of the two methods used to determine crack length evolution.

Fig. 11. C3-2 layup failure pattern.
tic domain and, from then on, a measured strain greater than the
tensile fiber failure strain does not necessarily denote fracture.

Composite laminates were then monitored with the help of an
IRT camera in order to determine notch extension using a different
methodology. Fiber rupture is very energetic compared to other
types of damage but it was possible to track the crack progression
by listing all the successive positions of heat emissions (Fig. 6).
Thus the results given by the two methods could be compared
(Fig. 10). IRT emission monitoring showed that damage occurred
early in the test. In Fig. 10, D corresponds to the stage of the tensile
test when the DIC showed a longitudinal strain (near the notch)
greater than the fiber failure strain and therefore gives an estima-
tion of the crack propagation extent. Before D, notch extension
must be small; hence it is hidden inside the laminate with delam-
ination around, which explains the absence of detection by DIC.
After D, damage (fiber rupture, matrix cracking and delamination)
becomes considerable at the notch edge and generates a longitudi-
nal strain greater than the tensile fiber failure strain on the outside
ply.

The notch extension determination method using IRT seems to
be more relevant than the DIC process since the IRT does not
assume a constant strain throughout the thickness of the laminate.
However, it must slightly overestimate the crack progression due
to the propagation of heat in the laminate. When a fiber from a
0� ply far from the outside surface breaks, the heat emitted propa-
gates towards the surface until it is detected by the IRT camera.
During this period of time, it also propagates within the plane of
the laminate.

2.2.2. Oriented laminates C3-2 and C3-3
Failure scenarios associated with layups C3-2 and C3-3 were

very similar to the ones observed for layup C3-1. In Fig. 5, from
A, damage progresses from both notch ends and leads to total fail-
ure of the laminate.

The failure patterns shown in Figs. 11 and 12a reveal 45� ori-
ented crack propagations (‘‘Z shaped”) for the two stacking
sequences. Closer examination suggests that 0� fiber rupture has
actually propagated along a direction approximately orthogonal
to the tensile direction (Fig. 12b).

Afterwards, notch length evolutions (Figs. 13 and 14) were
determined using the same IRT process as for C3-1 layup.

Crack propagation seems to initiate sooner for C3-1 layup than
for C3-2 layup, and sooner for C3-2 layup than for C3-3 layup. Max-
imum stable crack propagation (just before brutal total failure)
varies from 5% to 12% of the ligament (75 mm long) without signif-
icant differences between the three layups.

2.3. Conclusions drawn from the experiments

Regarding all tensile tests (‘‘Plain”, ‘‘Small”, ‘‘Medium”, ‘‘Large”
and ‘‘Notched”), C3-3 layup appears to be the most resistant (it
exhibits the highest failure stress, Fig. 15). Differences between
layups are, however, reduced when failure stress decreases (edge
effects become less critical).

Net failure stresses obtained for the ‘‘Notched” specimens are
much smaller than open-hole ones (Fig. 15). This discrepancy is
mainly related to the difference in SERR between notches and holes
(Fig. 2).

In order to assess notch sensitivity independently of the stack-
ing sequence effect (20% failure stress difference for ‘‘Plain” speci-



Fig. 12. C3-3 layup external (a) and internal (b) failure pattern.

Fig. 13. Notch length evolution (C3-2 layup) based on IRT process.

Fig. 14. Notch length evolution (C3-3 layup) based on IRT process.

Fig. 15. Net failure stresses for all sizes and layups.
mens), the failure stress of each configuration (‘‘Small”, ‘‘Medium”,
‘‘Large” and ‘‘Notched”) divided by ‘‘Plain” failure stress (for each
layup) is summarized in Fig. 16. The layups C3-1 and C3-2 appear
to be less sensitive to the presence of the cut than C3-3.
The justifications developed in [1] for the open-hole tension
case seem to be valid here too. Edge effects, triggering delamina-
tion for ‘‘Plain” specimens observed under tension, have the oppo-
site effect around a notch (they smooth stress concentration). C3-3
layup is not much subject to free edge delamination (‘‘Plain” spec-
imens). Hence it does not smooth stress concentrations near the
notch and has a lower ratio (Fig. 16) than C3-1 and C3-2 layups.

3. Numerical modelling

3.1. DPM principle

The Discrete Ply Model has already been described in several
papers [30,31,46,47] and the same characteristics were kept here
as in [1] for scaled open-hole tension test modelling. The main fea-
tures, such as mesh construction and behavior law, are briefly
recalled below.



Fig. 16. Notch sensitivity for the three layups.
The principle of the DPM model is to simulate the major failure
modes observed in composites as follows (Fig. 17):

� Delamination is taken into account using classical interface ele-
ments between two consecutive plies (or groups of plies) of dif-
ferent orientation, each ply being modeled with one volumic
finite element in the thickness. Then, the damage in the delam-
ination interface elements is classically driven by fracture
mechanics.

� Matrix cracking is taken into account using interface elements
normal to the transversal direction. The damage of the matrix
cracking interface elements is driven using fracture criteria
evaluated in the neighboring volumic finite elements. These
interface elements induce complex meshing but make it possi-
ble to automatically simulate the interaction between intra-
and inter-laminar damage. This interaction is crucial to account
for the complex damage morphology observed in composite
structures.

Fibre fracture is considered using continuum damage mechan-
ics with an original formulation linking the integration points of
the volumic finite element to impose a constant SERR per unit area
Fig. 17. Modelling of composite damage w
[47]. This approach can be compared to methods using the charac-
teristic element length which allows mesh-size-independent mod-
elling [51,55,56]. First order volume elements (8 nodes per
element) were selected in order to simulate bending phenomena
correctly while using only one element per ply (thickness direc-
tion). Two nodes are sufficient to represent affine behavior within
the element. Therefore the strain field within the laminate thick-
ness is a piecewise defined function.

3.2. Meshing and calculation strategies

Applying a constant size mesh to the large dimension
(180�300 mm2) coupons would have generated prohibitive calcu-
lation costs. To solve this issue, different types of elements were
used:

� The standard elements of the DPM elements, detailed in the
previous paragraph (Fig. 17), for the zone near the notch
(Fig. 18-zone 3)

� Volumic finite elements with reduced integration (and without
interface elements) in zone 2 (Fig. 18-zone 2)

� Standard volumic elements with a homogenized laminate
behavior far from the notch (Fig. 18-zone 1)

The last two types of elements, never damaged during the prop-
agation of the crack emanating from the notch, made the calcula-
tion faster. Numerous iterations were necessary to estimate the
three zone dimensions. The blue zone (3) was reduced as far as
possible without disrupting notch propagation. Connection
between zone 1 and zone 2 was realized through a kinematic cou-
pling: nodes from plies at the border between zone 1 and 2 were
constrained to follow the displacement of the corresponding zone
1 element face.

To further reduce calculation costs, planar and central symme-
tries were used. It was verified that modelling one fourth of the
coupon gave results equivalent to when the whole specimen was
meshed. To set planar symmetry corresponding to the laminate
symmetry plane, since the three layups studied contained an odd
number of plies, the middle ply was represented with a thickness
of half a ply (0.0625 mm).

Since damage progression is substantial before total failure, a
customized management of the distorted elements had to be
implemented. First, the calculation was divided into two parts:
one step including very little damage (corresponding to the part
ith the different element types [46].



Fig. 18. Numerical model of a notch specimen under tensile stress.
of the stress/strain curve before A in Fig. 5) and the other from the
initiation of damage propagation until total failure of the laminate.
For the second part, the step time value was set to one third that of
the first. The Abaqus ‘‘Distortion control” function was exploited to
restrain the distortion of damaged elements through the use of an
artificial energy. It was verified a posteriori that this energy was
less than 1% of the internal energy. Even with those modifications,
near the notch, element distortion (the first elements to be entirely
damaged) made the calculation impossible. It was then decided to
suppress totally failed elements, i.e. elements for which the associ-
ated energy was totally dissipated (fiber failure and delamination,
cf. Fig. 17) or when the stress criterion was met (matrix cracking,
cf. Fig. 17). The specimens being subject to tensile stress, deletion
of these elements did not have any major influence (once ‘‘broken”,
elements do not withstand any load). It would not have been pos-
sible to draw this conclusion in a compression loading case (but
distortion would not have been of the same magnitude).
Fig. 19. Failure stress – numerical and experimental results.
Once all the necessary updates had been implemented, the cal-
culation was run on 1.4�106 elements and lasted approximately
50 h (20 CPUs) using the EOS high performance calculator at CAL-
MIP. The DPM uses a small number of parameters (Table 3), all of
which were provided by experimental tests [1,30,46].

4. Model validation and discussion

Stress/strain curves obtained from numerical simulations corre-
lated well with the experimental ones (Fig. 5). C3-3 layup stiffness
loss (A-B) was well expressed by numerical simulation but failure
stress relative order was not predicted correctly because failure
Fig. 20. Numerical simulation of 90� ply matrix cracking.



Fig. 21. Numerical simulations of 0�/90� interface delamination and central ply 0�
fiber rupture evolutions.
stresses were slightly overestimated for C3-1 and C3-3 layups
(Fig. 19). However, as experimental values were very close with
non-negligible coefficients of variation (Table 2), reproducing this
relative order was not of major importance.

The global behavior of laminates, represented by stress/strain
curves, seemed to be correctly reproduced. To validate the numer-
ical model further, notch evolution was determined for the three
layups with the help of IRT technology (cf. § 2.2) and compared
with simulations. Only the coupons shot in a close-up configura-
tion (Table 1) were put to use. The others (wide-shot) did not
Fig. 22. C3-1 layup failure pattern comparison: a) Experimental, b) Central 0� ply fib
enable a sufficiently precise length determination to be obtained.
Numerical failure patterns were also compared to experimental
ones.

4.1. Oriented laminate C3-1

Damage evolution of notched laminate was very progressive
from A (Fig. 5). A ‘‘butterfly wings” type evolution of matrix crack-
ing (Fig. 20) was obtained numerically (very similar to the one
observed by [1,31] on open-hole tension configurations). The
0�/90� interface delamination and 0� fiber fracture seemed to prop-
agate perpendicularly to the tensile direction until total failure
(Fig. 21).

The numerical failure pattern of Fig. 22 is very similar to the
experimental one. Notch propagation is limited by the dimensions
of the damageable zone (zone 3, Fig. 18) but reached the free edge
of the coupon during experimental tests.

The evolution of the C3-1 layup notch length determined by
counting the numbers of completely damaged volume elements
(central ply 0� fiber failure) in the numerical simulations was very
consistent with that determined using IRT. Notch propagation ini-
tiation and its maximal amplitude before total failure (8% of the
ligament), were predicted with good accuracy (Fig. 23).

4.2. C3-2 and C3-3 layups

Failure scenarios and patterns simulated with the help of the
DPM for C3-2 and C3-3 layups were very similar to those obtained
for layup C3-1. In consequence, the numerical model failed to
reproduce the 45� external plies failure pattern (‘‘Z shape”, Figs. 11
and 12). Notch length evolutions were determined both numeri-
cally and experimentally (IRT) for C3-2 (Fig. 24) and C3-3
(Fig. 25) layups. The numerical model again predicted notch evolu-
tion kinematics that were very consistent with experiment.
er rupture, c) 45� outside ply matrix cracking, d) 0�/90� interface delamination.



Fig. 23. Notch length evolution (C3-1 layup) – numerical and experimental results.

Fig. 24. Notch length evolution (C3-2 layup) – numerical and experimental results.

Fig. 25. Notch length evolution (C3-3 layup) – numerical and experimental results.
5. Conclusion

The purpose of the study described in this paper was to inves-
tigate the development of damage during a notched tensile test
and to compare it with the open hole tensile test performed on
the same three layups. Numerical results have been confronted
with experimental data and the influence of both the notch shape
and dimensions and the stacking sequence have been analyzed.

Notched tensile tests confirmed the tendency already observed
on open-hole specimens [1]: even though the C3-3 layup was more
sensitive to the presence of a cut than the other two (C3-1 and C3-
2), it exhibited the highest failure stress. Strength differences (hole
and U-notch) were related to the shape of the cut. The SERR at a U-
notched edge is higher than in the vicinity of a cracked circular
hole (Fig. 2). The failure of notched coupons is hence triggered ear-
lier and propagates within the specimen (total failure) for a stress
lower than that in open-hole coupons under tensile loading. Two
methods were employed to record the behavior of notched cou-
pons, DIC and IRT. Using IRT to determine the evolution of the
notched length gave more accurate results than the process based
on DIC.

Modifications of the numerical model were necessary to simu-
late notched coupons under tensile loading at a reasonable calcu-
lation cost. Simulation outputs were validated thanks to
numerous experimental observations. The DPM thus proved its
ability to simulate the behavior of notched (holes of different
diameter and U-notch) coupons under tensile loading, then to sim-
ulate a stress-based test (the open hole tensile test) and an energy-
based test (the notch tensile test). This shows that the approach is
able to account for the process zone (in particular matrix cracking,
delamination and their interaction) and to account for the crack
propagation, (in particular the energy dissipated by the tensile
fiber failure). Finally, in order to validate this numerical model at
a higher level of the tests pyramid (structural level) and for differ-
ent loading cases, a new test-rig, designed at the Institute Clement
Ader, was used to test plates of large dimensions (400�400 mm2)
and the DPM was adapted to simulate these innovating structural
tests.
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