Chapter 5
Influence of Intralaminar Damage
on the Delamination Crack Evolution

Cédric Huchette, Thomas Vandellos and Frédéric Laurin

5.1 Introduction

Composite laminate materials offer very interesting alternative solutions to metallic
materials due to their better specific properties in numerous industrial applications
and aerospace structures. Nevertheless, the design of composite structures is nowa-
days limited by the lack of knowledge of the damage behavior of composite mate-
rials. In the specific case of Carbon Fiber Reinforced Plastic (CFRP) laminates, it
is well known that transverse matrix cracks and delamination cracks can appear
early during tensile tests. It is thus necessary to propose a model that permits to
predict the initiation of damage and its evolution.

Concerning delamination cracks (interlaminar damage), this kind of damage
mechanism in laminated composite structures is often investigated using cohesive
zone models, firstly proposed by Dugdale [29] and Barenblatt [11]. These models
have the capabilities to describe the onset of a crack and its propagation even in
the presence of non-linear behaviors (geometric or material). Several cohesive
zone models have been developed to predict delamination in CFRP laminates [3-5,
24, 25, 68] with softening laws presenting different shapes. Whatever the model,
two parameters are commonly used: the interlaminar strength, 7o, and the critical
energy release rate, also called the fracture toughness, G.. Recent works about the
characterization of the interfacial properties have demonstrated (i) the reinforcement
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Fig. 5.1 Local delamination
crack observed at the tip of
the transverse matrix crack in
a cross-ply laminate (detail
of the crack deviation in the
inset)

of the interfacial strengths under out-of-plane compression/shearing loadings and
(i1) the influence of the mixed-mode ratio of the solicitation on the interfacial frac-
ture toughness [12, 31, 60, 63, 73] and on the interfacial strength [18].

Even if in-ply matrix damage (intralaminar damage) is not a catastrophic failure
mode for laminated composite structures contrary to delamination, the prediction
of the macroscopic behavior or of the failure of composite laminates requires to
take into account this damage mechanism [33]. Two kinds of approach have been
developed during the last years to simulate the damage evolution (i.e. the onset of
damage and its evolution). The first one is based on micromechanics models and
permits to identify the relevant parameters required to finely describe the evolu-
tion of the transverse crack density in composite laminates (see Berthelot [13] for a
review). This type of approach takes into account the reality of the damage pattern
in order to explain the influence of the ply thickness or of the local delamination
crack present at the tips of the transverse matrix cracks on the matrix crack density
evolution (Fig. 5.1). The second approach is based on continuum damage mechan-
ics [15, 44, 47, 66], which is more adapted to structure computation than micro-
mechanics approaches. Nevertheless, the damage variables used in these models
correspond to the degradation of the elastic parameters and are not necessarily
correlated to the observed damage (transverse cracks, delamination crack, etc.).
Moreover they do not take into account the influence of the ply thickness. Several
models have thus been developed recently in order to propose a damage constitu-
tive law at the ply level including the discrete aspect of damage and the interaction
between local delamination and transverse cracking [35, 45, 67].

In composite structures subjected to various loadings such as tensile tests on
open-hole plates or low velocity impact tests on laminates, for instance, intrala-
minar and interlaminar damage are both involved. It is thus interesting to study
the influence of the transverse matrix cracks and of the associated local delamina-
tion cracks on the interlaminar damage. Wisnom and Hallett [74] explain that the
final failure of open-hole plates presenting different stacking sequences is due to
delamination and to the interaction between intralaminar and interlaminar damage.
Guinard et al. [32] simulate the delamination induced by low-velocity impacts,
taking into account the influence of the damage of each neighboring ply on the
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interface under consideration. Ladeveze et al. [45] demonstrate by virtual testing
that the behavior of the interface in mesomodel approaches is influenced by the
damage in the adjacent plies.

The aim of this chapter is to experimentally demonstrate the influence of the
intralaminar damage on the delamination evolution and to propose a model taking
into account such a coupling. Section 5.2 will focus on experimental evidences
which to demonstrate the influence of matrix cracking on the onset and on the
propagation of the delamination cracks. Section 5.3 will propose a mesomodel
approach taking into account this coupling. This model will be applied to a struc-
tural application in Sect. 5.4 in order to emphasize its contribution for the predic-
tion of damage in laminated composites.

5.2 Influence of Intralaminar Damage on the Interlaminar
Damage Evolution

5.2.1 Influence of Intralaminar Damage on Delamination
Crack Onset

As mentioned in Sect. 5.1, local delamination cracks are usually observed [36] at
the tips of transverse cracks in laminates (Fig. 5.1). This local delamination tends
to weaken the considered interface and can lead to premature failure, due to mac-
roscopic delamination, of composite laminated structures such as L-angle speci-
mens. The objective of the present section is thus to demonstrate experimentally
the influence of the intralaminar damages (i.e. transverse cracks and the associated
local delamination cracks) on the onset of macroscopic delamination, and espe-
cially on the out-of-plane tensile strength.

5.2.1.1 Identification of the Intrinsic Out-of-Plane Tensile Strength

Different experimental tests can be found in the Ref. [53] to identify the out-of-plane
tensile strength of unidirectional plies. Among these tests, the four-point bending test
on L-angle specimens, proposed initially by Jackson and Ifju [38], presents a very
interesting ratio between the complexity of the experimental part (manufacturing of
the specimen and experimental setup) and the difficulties associated with the analy-
sis of such a test (through analytical solutions [50] or finite element simulations). For
these reasons, the four-point bending test on L-angle specimens has been normalized
[9] and is currently used in design offices. The principle of such a test is illustrated in
Fig. 5.2a. The two cylindrical support bars are fixed and the applied loading is imposed
through the two cylindrical loading bars. This loading induces a bending moment at the
curved section level, thus leading to unfold the L-angle specimen. In the case of accu-
rately designed L-angle specimens, the observed delamination is only due to the out-
of-plane tensile stress generated in the curved section, thus allowing the identification
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Fig. 5.2 a Principle of the four-point bending test on an L-angle specimen and b experimental
device developed at Onera and the associated multi-instrumentation

of the out-of-plane tensile strength. For all the tested specimens, the propagation of the
macroscopic delamination is instantaneous and instable, leading to the final failure of
the specimens. This point has also been demonstrated numerically [19]. The character-
istic dimensions of a L-angle specimen, also reported in Fig. 5.2a, are the total length of
one leg (L), the width of the specimen (w), the total thickness (¢), the internal radius of
the corner (R;) and the angle between the two legs («). Moreover, the cylindrical bars
of the four-point bending experimental device are defined by their radius (R,) and the
distances between the cylindrical loading bars (X1) and between the cylindrical support
bars (X»). The orientation of the 0° plies in the L-angle specimens is also reported in
Fig. 5.2a. The most critical parameters in the design of such a test, performed through
finite element simulations, are the distances between the loading bars (X;) and the sup-
port bars (X>). In the present case, these geometrical parameters permit to minimize (i)
the out-of-plane shear stress in the radius and in the legs and (ii) the local tensile loading
in the inner radius, due to the applied bending, and to avoid transverse cracks initiation
prior to macroscopic delamination.

The experimental test campaign has been performed in the framework of the
STRENGTH project, under financial support of DGAC and Airbus manage-
ment. The specimens have been manufactured from T700GC/M21 UD prepreg
plies with a weight area of 268 g/m2. Two different stacking sequences have been
considered to identify the out-of-plane tensile strength (Z;): (i) a thin quasi-iso-
tropic [45/0/ — 45/90]; laminate (8 plies) and (ii) an intermediate disoriented
[452/0/ —452/90/45/0/ — 45/90]s laminate (20 plies). Each test is repeated
three times in order to estimate the scattering.

The experimental device, developed at Onera, for the four-point bending test
on L-angle specimens and the associated measurement techniques are reported in
Fig. 5.2b. An electro-mechanical Schenk machine (150 kN maximum capacity) is
used. The tests are performed in the machine controlled displacement mode and
a constant displacement rate is imposed: 0.1 mm/min. The cylindrical bars are
machined in steel and can rotate on ball bearings in order to minimize friction
and thus to simplify the analysis with FE simulations. Different measurement
techniques have been used to improve the understanding of the involved physical
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Fig. 5.3 a Mesh and boundary conditions of finite element simulations for four-point bending
tests on L-angle specimens, and b comparison between the predicted out-of-plane stress field and
the delamination pattern of a thin quasi-isotropic L-angle specimen

mechanisms and to obtain global and local informations: (i) LVDT sensor for
measuring the evolution of the maximum deflection of the L-angle specimen,
(i1) acoustic emission for the detection of damage events during loading, (iii) 3D
Digital Images Correlation (DIC) on one free-edge of the specimen with black and
white paint speckle for tracking the global displacement of the specimen and to
obtain an estimate of the in-plane and out-of-plane strains and (iv) pictures taken
on the other free-edge which has been properly polished in order to visualize the
evolution of the intralaminar damages during the test.

The tests have been analyzed through finite element simulations in order to estimate
correctly the stress field in the curved section at the failure load and to determine thus
the out-of-plane tensile strength. The meshes of the studied L-angle specimens are per-
formed using one volume linear element in the thickness of the ply. The element size
is small in the curved section and under the cylindrical bars and increases in the legs to
reduce the time of computation, as illustrated in Fig. 5.3a.

The boundary conditions are also reported in Fig. 5.3a. Half the loading and
support bars device is meshed with volume linear elements. The displacement U,
is imposed on the upper faces of the cylindrical loading bars, while the displace-
ment U, of lower faces of the cylindrical support bars is fixed. Moreover, three
nodes have specific conditions in order to avoid rigid body displacements of the
specimen. Finally, the contact between the cylindrical bars and the specimen is
taken into account while friction is assumed to be zero because of the ball bearings
introduced in the experimental device. The behavior of the UD plies prior to final
failure due to delamination is assumed linear elastic. This assumption is relevant
in the present case since the in-plane and out-of-plane stresses remain rather low
at the failure load. Moreover, no acoustic event is recorded prior to the first macro-
scopic delamination which confirms the absence of transverse crack before failure.
Therefore, the elastic properties of the T700GC/M21 UD plies used in the present
study are reported in Table 5.1. The steel cylindrical bars are assumed isotropic
linear elastic with the following properties £ =210 GPa and v = 0.3.
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Table 5.1 Material properties of the T700GC/M21 ply for the intralaminar damage constitutive
law and for the cohesive zone model proposed in the present study

Type of parameters Material properties

Elastic properties E1 (GPa) 110.0  vi2 () 0.31
E» (GPa) 8.0 G12 (GPa) 8.2
3 (—) 0.40

In-plane interfiber criterion (Eq. 5.25) Y, (MPa) 70.0 S12 (MPa) 81.0
S>3 (MPa) 90.0

Effect of transverse cracks® (Eq. 5.21) H§2/S§2 (-=) 0.67 Hg6/ Sge (=) 0.92
HY/S% () (092 HY /St (o) 180
HS, /85, (=) 251 | HE/S¢(—) 058
Hp[S% (=) (443 Hg/Sge (=) | 569

Matrix cracking evolution law (Eq. 5.22) | a; (—) 2.50 ar (=) 0.60
aj (=) 0.60 |n(-) 1
ap (=) 037 | by (mm™") 0.04
Matrix cracking threshold (Eq. 5.24) ¥oE (MPa) 0.27 ¥9F (MPa) 0.70
¥oE (MPa) 0.70
Delay effect (Eq. 5.29) 7. (s) 80
CZM stiffness (Eq. 5.6) K (MPa 100 o (=) 103
mm~!)
Out-of-plane stress criterion (Eq. 5.8) Z; (MPa) 51.0 S13, S23 (MPa) 90.0
Evolution of the fracture toughness G (I m™2) 340.0 | Gue,Grie (J 1,390.0
(Eq. 5.17) m~2)
K (—) 7.4 Y (—) 3.1
n(-) 1.6

4The other components of the damage effect tensors are zero

Using finite element simulations, it is possible to determine by inverse iden-
tification the out-of-plane tensile strength which is assumed to be equal to the
maximum out-of-plane tensile stress (in plane z = 0 in Fig. 5.3a, i.e. far from the
free-edges) at the experimental failure load. As illustrated in Fig. 5.3b, for all the
considered specimens, the maximum out-of-plane tensile stress is maximal at
the observed failed interface which permits to validate the present identification
procedure. The identified out-of-plane tensile strength is equal to Z; = 51 MPa
with a standard deviation on the six considered tests equal to 6.1 %. It is impor-
tant to note that the out-of-plane tensile strength seems to be independent of the
considered stacking sequences and of the total thickness of the specimen when
no transverse cracking is observed prior to delamination. This point has already
been demonstrated experimentally [18, 19] using the same carbon/epoxy mate-
rial for many other stacking sequences and other total thicknesses (from 16 plies
to 48 plies). The determined out-of-plane tensile strength seems to be an intrin-
sic material property which can be used in a cohesive zone model, as presented
in Sect. 5.3.1.
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5.2.1.2 Determination of the Influence of Intralaminar Damages
on the Onset of Delamination

In the present section, the objective consists in creating transverse cracks in the
L-angle specimens prior to final delamination in order to study the coupling exist-
ing between the intralaminar damages and the out-of-plane tensile strength. In
order to fulfill this objective, two modifications, as compared to the previous sec-
tion, have been performed. Firstly, by increasing the distances between the cylin-
drical bars, it is possible to enhance the local tensile loading in the lower part
of the curved section which permits to generate transverse cracks in these plies
prior to final delamination. Secondly, disoriented stacking sequences, contain-
ing many 90° and +45° plies, have been chosen in order to generate more easily
transverse cracks in the lower plies prior to rupture. Considering other stacking
sequences than those described previously remains relevant in the present study
because the out-of-plane tensile strength seems to be independent of the consid-
ered lay-up. Two different lay-ups containing 20 plies have been chosen and the
stacking sequences are [90/45/90,/—45/0/45/90,/—45]; (noted 10/40/50 laminate)
and [45,/90/—45,/0/45/90/—45/0] (noted 20/60/20 laminate). For these two stack-
ing sequences, two different distances between the cylindrical bars, determined
through FE simulations, have been considered in order to generate different trans-
verse crack densities just prior to delamination. This point is essential in order to
identify and validate a model taking into account the coupling between the inter-
laminar and intralaminar damages in laminated composite structures. For each
configuration, the test is repeated three times in order to estimate the scattering.
The same experimental device and associated instrumentation as described previ-
ously have been used for all tests.

The onset and the evolution of the transverse crack density in the disoriented
L-angle specimens during the tests have been monitored by different techniques
in order to improve the confidence into the measurements. By monitoring the evo-
lution of the cumulative energy, the acoustic emission permits both to detect the
onset of intralaminar damages within the structure and to estimate the evolution
of the crack density as reported in Fig. 5.4a. This technique permits to detect all
the damage events within the structure but does not permit (i) to discriminate a
transverse crack from a delamination crack and (ii) to localize the induced defects
(only one sensor has been used in the present test campaign).

As a complement to the acoustic emission, analysis of pictures taken on one
polished free-edge has been performed in order to distinguish the different damage
mechanisms and to determine their locations. Practically, the applied displacement
being maintained, some pictures are taken with a 12 bits CCD camera associated
with a microscope with different objectives (x2.5 or x5). This camera is fixed
on micrometer tables thus allowing to take pictures of the different parts of the
specimen edge (as reported in Fig. 5.4b). Then, these pictures are assembled to
obtain a micrograph of the whole area of interest of the specimen as illustrated in
Fig. 5.4b. Finally, the number of cracks is determined in each ply for the different
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Fig. 5.4 a Evolution of the cumulative energy and comparison with the number of cracks
detected in the lowest double 90° ply through image analysis as a function of the applied loading
for a 10/40/50 L-angle specimen, and b visualization of the intralaminar damage pattern in the
same specimen at 95 % of the failure load

load levels until the final failure which is attributed to macroscopic delamination.
The pictures being taken while the structure is subjected to a bending loading, the
transverse cracks are thus opened thereby permitting to detect them more easily.
Moreover, local delamination cracks are clearly observed at the tips of the trans-
verse cracks located in the lower plies such as the lowest double 90° plies for the
10/40/50 specimen presented in Fig. 5.4b. It is also worth mentioning that the pic-
tures have been taken as a function of the monitored acoustic events to optimize
the monitoring of such a test. Finally, the evolution of the crack density has been
compared successfully with the discontinuities observed in the cumulative energy
recorded by acoustic emission for the different tested configurations, as presented
in Fig. 5.4b for a 10/40/50 specimen.

Moreover, the analysis of the strain fields measured by stereo-digital images cor-
relation can also permit to detect mesoscopic intralaminar cracks in the structure
as proposed in [48]. Indeed, when transverse cracks are initiated during loading,
a discontinuity is induced in the displacement field and the cracks can be detected
using the strain obtained through derivation of the displacement field. The evolu-
tion of the crack density can thus be automatically measured and has been suc-
cessfully compared with the other measurement techniques permitting to improve
the confidence in the available experimental data. It can be noted that for the four
considered cases (two different geometrical configurations for two different stack-
ing sequences), the measured transverse crack densities just prior to final failure
are notably different which should permit to identify the inter/intralaminar damage
coupling parameters of a damage model as the one described in Sect. 5.3.3.

For the considered damaged L-angle specimens, the observed failure pattern
is drastically different from that observed on specimens in which no transverse
cracking is observed prior to delamination. Indeed, as presented in Fig. 5.5a,
for a 20/60/20 specimen containing no intralaminar damage prior to final failure
(stacking sequence presented in Sect. 5.2.1.1), only the mostly loaded interface,
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Fig. 5.5 a Failure pattern of the disoriented 20/60/20 specimen without intralaminar damage
prior to delamination, and b failure pattern of the disoriented 20/60/20 specimen with intralami-
nar damage prior to delamination

located at the mid-thickness of the specimen, failed and led to the final failure of
the specimen. Nevertheless, in the present disoriented laminate (in which the posi-
tions of the 0° plies have been permuted with those of the 90° plies as compared to
the previous lay-up), two main delamination cracks are observed in Fig. 5.5b. The
mostly loaded interface still failed but a delamination crack is also observed in
the interface between the damaged 45° and 90° plies located near the inner radius.
A clear interaction is observed between the transverse cracks in the lowest 90°
ply and the delamination crack. The local delamination cracks at the tips of the
transverse cracks weaken the interface located between the intralaminar damaged
plies and lead to the premature failure of the specimens while the applied out-of-
plane stress at this interface remains markedly lower than the out-of-plane tensile
strength. The same failure pattern, consisting in several delamination cracks in the
interfaces between the damaged plies located near the inner radius, is observed on
the other tested stacking sequences and the interaction between the different dam-
age mechanisms is also visible.

Therefore, it has been demonstrated, in this section, that the failure patterns
of L-angle specimens are modified due to the presence of intralaminar damages
(especially due to the local delamination cracks located at the tips of the trans-
verse cracks). In the present study, these experimental evidences suggest that it is
essential to introduce coupling between the onset of delamination and intralaminar
damages.

5.2.2 Influence of Intralaminar Damage on Delamination
Crack Propagation

It is generally admitted that delamination must be characterized by an onset crite-
rion and a propagation criterion. The propagation criterion represents the evolution
of the fracture toughness, i.e. the energy release rate needed to propagate a crack at
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the interface, as a function of the mixed-mode ratio often defined as Gy /(G + Gyr)
with Gy (resp. Gyy) the energy release rate for mode I (resp. mode II). The char-
acterization of the propagation criterion is based on many fracture tests such as
the double-cantilever beam (DCB) and the end-notched flexure (ENF) tests for
toughness in modes I and II [7, 14, 27, 28, 54, 64, 65]. As a mixed-mode is more
likely to occur in structures subjected to in service loadings, several experiments
have been developed such as the mixed-mode flexure (MMF) test and the mixed-
mode bending (MMB) test allowing a mixed-mode characterization. The MMB test
is the most commonly used because it allows investigating all mixed-mode ratios
between modes I and II [7, 21, 26, 55, 56, 61, 62]. However, these tests are clas-
sically performed on unidirectional (UD) [0°],, laminates whereas most composite
structures subjected to complex loadings involve multidirectional (MD) laminates
where delamination fracture mainly occurs in the interfaces between the differ-
ently oriented plies. Therefore an increasing amount of researches is devoted to the
evaluation of the fracture toughness of MD laminate interfaces [6, 20, 26, 55, 56,
59, 60]. However, one of the major problems in testing those MD specimens is the
presence of intralaminar damage. Indeed, with the commonly used fracture tests,
this kind of damage is difficult to quantify and its influence on the characteriza-
tion of the energy release rate during delamination crack growth is also difficult.
However this coupling between intralaminar damage and delamination is crucial
in order to describe the damage scenario of composite materials in structures.
Consequently, a new fracture test, adapted to MD laminate interfaces, has been pro-
posed recently [71]: the Tensile Flexure test on Notched Specimen (TFNS test).

5.2.2.1 The Tensile Flexure Test on Notched Specimen
Description of the Experimental Procedure

In order to characterize the propagation of delamination in £6° plies of unidirec-
tional continuous fiber laminates, a new experimental procedure, based on fracture
mechanics, has been proposed. The aim of this new test, called Tensile Flexure
test on Notched Specimen (TENS test), is to determine the fracture toughness of
a 0°/6° interface. In order to study the delamination of the 0°/6° interface, the
most appropriate staking sequence is [0,/ & 6,,]5. This test procedure is divided
into three steps (Fig. 5.6).

In the first step, a notch is machined in the top 0° plies of the laminate in the
middle of the specimen in order to introduce a local tensile/bending coupling in
the laminate behavior.

The second step is devoted to the specimen preparation (i.e. the initia-
tion of the delamination crack). The tensile loading is applied in a displace-
ment controlled mode for the sake of crack propagation stability. The tensile
loading leads to the initiation of a transverse crack under the notch through the
+6° plies. This transverse crack finally reaches the last 0°/6° interface, leading to



5 Influence of Intralaminar Damage on the Delamination ... 117

Fig. 5.6 Experimental
procedure of the tensile

flexure test on notched
specimen
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local delamination through crack deflection in this interface. Once the local delam-
ination has occurred in the 0°/6° interface, the specimen is unloaded.

After these two steps, the third step concerns the propagation of the delami-
nation crack front initiated in the 0°/60° interface on both sides of the transverse
crack. The propagation of delamination is thus investigated through a second ten-
sile test. The load, the displacement and the delamination lengths are recorded in
order to calculate the fracture toughness. It is worth mentioning that, contrary to
other fracture mechanics tests, the delamination occurs without the presence of a
Teflon® insert as in the test proposed by O’Brien [52]. However, with the TENS
test, the delamination crack is not created by free edge effects (as in [52]), the con-
trol of which is very difficult, but results from the deviation of the transverse crack
from the 0° ply into the 0°/6° interface.

Description of the Experimental Device

The TENS test was performed on an electromechanical testing machine, equipped
with a 150 kN load cell, operating in a displacement controlled mode. A digital
video microscope is used to observe the damage state at the ply scale (mesoscopic
scale) and at the fiber/matrix scale (microscopic scale). This microscope, which
is fixed on micrometric displacement tables (Fig. 5.7), allows the measurement
of the length of the delamination crack. Numerous displacement plateaus are
imposed (every 0.04 mm) thus allowing an accurate observation of the propaga-
tion of the delamination crack under loading. The displacement, applied to the
specimen, is determined by the variation of the length of the specimen measured
during the test at each displacement plateau.

The T700GC/M21 laminate has been chosen because it is a 3rd generation car-
bon/epoxy material which exhibits a high fracture toughness and experimental
results obtained using other experimental devices are available in the literature [60].

The length of the coupon is 100 mm whereas its width is 12 mm. The thick-
ness of the coupon and the notch depth in the middle of the specimen depend on
the stacking sequence of the laminate. For instance, in a [0,/90,,]s; specimen, the
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Fig. 5.7 Experimental device: a the digital camera fixed on the displacement tables, and b
micrograph of the sample (inset) during testing provided by the microscopic head of the digital
camera

notch depth must be superior to the thickness of the 0° plies since it is essential to
avoid that the crack initiates and propagates in the top 0° plies but propagates as a
transverse crack in the 90° plies and thus attains the other 0°/90° interface in order
to deviate in this interface, thus leading to delamination.

Experimental Observations

The evolutions of stress and of crack length versus the imposed displacement for
several coupons demonstrate the good reproducibility of the TENS, as shown in
Fig. 5.8 for four [02/90,]; T700GC/M21 carbon/epoxy specimens. Moreover,
the crack growth is stable, without any damage in the plies, as long as the
delamination length is short enough (i.e. 1/3 of the total length of the specimen).
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Fig. 5.8 a Stress versus imposed displacement, and b crack length versus imposed displacement
for several TENS tests on [02/90,]; T700GC/M21 carbon/epoxy laminates
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Besides, the delamination crack consists in two cracks propagating with a quasi-
symmetrical behavior. It is worth mentioning that the stress-displacement curve is
not linear. This behavior is due to the presence of the notch which leads to bending
of the specimen under tensile loading.

Identification of the Interface Toughness in a T700GC/M21 Carbon/Epoxy
Laminate

From five TFNS tests on [0,/90;]; specimens and two tests on [03/45/—45] speci-
mens of T700GC/M21 carbon/epoxy laminate, fracture toughness identification
was performed using the Modified Virtual Crack Closure Technique (MVCCT)
method [43], based on the Linear Elastic Fracture Mechanics. Due to bending of
the laminate observed during the tensile test, the calculation assumption of large
displacements is made. Using the applied load or the applied displacement meas-
ured during the experiment and the measured delamination lengths, it is possible
to simulate the experimental conditions and to use this technique to identify the
fracture toughness. The application of the MVCCT method on the TFENS test indi-
cates a mixed-mode ratio Gy /(Gy + Gjy) evolving with the crack growth.

The results presented in Fig. 5.9 show (i) that the mixed mode evolves from 15
to 35 % of mode II with the [0,/90;]; specimen and from 35 to 45 % of mode II
with the [03/45/—45] specimen and (ii) that the fracture toughness increases as
a function of the mixed-mode ratio which increases to 1 (mode II). It should be
noted that such results are in good agreement with those reported in Refs. [12, 59].
Moreover, it is worth mentioning that contrary to other tests, the mixed-mode ratio
changes. Therefore, the TENS test permits to obtain, with only one test, the evolu-
tion of the fracture toughness of MD laminate interfaces as a function of the mixed
mode ratio. The propagation criterion (Eq. 5.17) can be identified using these data
(Fig. 5.9).
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5.2.2.2 Demonstration of the Influence of Intralaminar Damage
on the Interfacial Fracture Toughness

The influence of intralaminar damage on the onset of delamination has been
proved in Sect. 5.2.1.2. It seems obvious that the value of the fracture toughness
of the interface is also influenced by the intralaminar damage (transverse matrix
cracking, local delamination) but its identification remains difficult.

Adding a new step at the beginning of the experimental procedure of the TFNS
test, it is possible to study the intralaminar damage effect on the propagation of the
delamination crack. Indeed, using a tensile test on the laminated specimen without
notch, several transverse cracks are created in the 8° plies. The initial experimental
procedure is then followed as shown in Fig. 5.10.

It is important to note that the transverse crack density does not change dur-
ing the tensile test on the notched specimen. Besides, it is possible to observe the
influence of the transverse crack density on the propagation of the delamination
crack in the 0°/90° interface. Moreover, it is worth mentioning that the experimen-
tal device used during the test permits to evaluate, for each displacement plateau,
the length of the delamination crack, the number of transverse cracks in the speci-
men and the length of the local delamination cracks present at the tips of the trans-
verse cracks.

As shown in Fig. 5.11 for several stacking sequences, the transverse cracking
rate (i.e. the number of transverse cracks from one unit of length) and the aver-
age length of the local delamination depend on the level of the applied stress dur-
ing the first tensile test. In order to obtain a good compromise, during the TFNS
test, between the number of transverse cracks and the length of local delamination
cracks, the stacking sequence [02/90;]; has been chosen.

In order to identify the influence of the level of intralaminar damage on the
propagation of the delamination crack, five damage states have been studied. The
comparison of the curves representing the evolution of the applied stress as a func-
tion of strain shows that the initial slope can not be associated with the different
levels of intralaminar damage under consideration. Nevertheless, when the dam-
age level increases, the rigidity seems to decrease sooner (Fig. 5.12a). Moreover,
the evolution of the normalized crack length versus strain clearly shows that the

Fig' 5.10 Experimental Tensile test is performed in
procedure of the tensile 1 order to damage the 6 plies
flexure test on notched (transverse cracking and

specimen for studying the local delamination)

influence of intralaminar
damage on the propagation of
delamination

@ A notch is machined

-
O

©\)
O
®

Tensile test is performed on
3 ) the notched coupon in order
to create a transverse crack

The delamination, initiated
4 ) by the transverse crack,
propagates
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Fig. 5.11 Evolution of the number of transverse cracks by millimeter and of the average local
delamination length as a function of the applied stress for several cross-ply T700GC/M21
laminates

propagation of the delamination crack occurs earlier when the intralaminar dam-
age level increases (Fig. 5.12b). Nevertheless, due to the fact that the experimental
curves, obtained with intralaminar damage, are included into the dispersion of the
experimental curves without intralaminar damage, the identification of the fracture
toughness as a function of the intralaminar damage level is not possible.

However, according to numerical simulations of the TFNS test, the effect of the
intralaminar damage level on the fracture toughness seems to be realistic. Indeed,
the more the fracture toughness of the cohesive zone model (described in Sect.
5.3.1 and used to describe the propagation of the delamination crack at the 0°/90°
interface during the TFNS test) decreases, the more the propagation of the crack
occurs earlier (Fig. 5.13), as observed during the experimental tests. Therefore, it
seems obvious that the fracture toughness has to be influenced by the intralaminar
damage level.
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Fig. 5.12 Evolution of the applied stress and normalized crack length as a function of strain for
several levels of intralaminar damage obtained from TENS test on [02/90;]; T700GC/M21 car-
bon/epoxy specimens
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Fig. 5.13 Evolution of the applied stress and the normalized crack length versus strain obtained
by the simulation of the TENS test with several values of the fracture toughness

5.3 Modeling the Effect of Intralaminar Damage
on the Interlaminar Damage Evolution

5.3.1 Cohesive Zone Model for Modeling the Interlaminar
Damage

5.3.1.1 General Framework of the Cohesive Zone Model

Cohesive zone models are generally used to describe the behavior of interfaces.
More precisely, the tractions T; between the top and bottom surfaces of the inter-
face are related to the relative displacements §;, with i = 1 — 3 (Fig. 5.14). The
value i = 1 corresponds to the opening mode of fracture (mode I) whereas the val-
ues i = 2 and i = 3 are related to the shearing modes (mode II and mode III).

In the general framework, the constitutive law can be written as

if§; >0 ifé; <0
T =K S]f(;») Tn=acK & S (5.1
{Ti:K(Sif(/l) {TizKSif(/l) withi =2,3

where §; (respectively 8, and &3) is the relative displacement in mode I (respec-
tively in mode II and III), T (respectively 7> and T3) is the traction force in mode
I (respectively in mode II and mode III), K is the initial stiffness of the interface
(considered, in this work, as being the same whatever the fracture mode), ¢ is a
penalization factor for out-of-plane compression, / is the damage variable, related
to the damage kinetics, and f (/) represents the effect of damage. As proposed in
[19], the damage variable 4 can be then defined from the relative displacement 8
and the material parameters 8o and d;. The relative displacement § is determined by

§=1/(61)3 + 83+ 83 (5.2)
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Fig. 5.14 The constitutive T
law in single-mode loading 4
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where (-) 4 are the classical Macaulay brackets defined by

(x)+ = max[0, x] (5.3)

It should be noted that, in order to avoid damage under pure out-of-plane compres-
sive normal stress, the normal relative displacement 41 is only taken into account
in the relative displacement § when positive. As illustrated in (Fig. 5.15), ¢ is the
relative displacement associated with the damage threshold ¢ and the interfacial
stiffness K, and & is the relative displacement attained when the energy release
rate G is equal to the fracture toughness G, (corresponding to the area under the
constitutive law for a constant mixed-mode ratio).

¢ depends on the shape of the cohesive zone law and on the fracture toughness
G.. It is calculated, for a constant mixed-mode ratio, by

o
G. = / T(8)ds (5.4)

0

where the value of G is experimentally identified by fracture tests. Therefore, the
general framework for the definition of a cohesive zone model depends on

f(A) which represents the damage effect,

the damage evolution law which is associated with the damage variable /,

80, determined from an onset criterion (i.e. the evolution of the interfacial
strength g as a function of the mixed-mode ratio),

dr, defined using a propagation law (i.e. the evolution of the interfacial tough-
ness G, as a function of the mixed-mode ratio).

Fig. 5.15 A bilinear T
constitutive law for A
a mixed-mode solicitation
according to [16] T b---,
:
K/
i
i Ge
i >3

(=4}
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5.3.1.2 Damage Evolution Law of the Interlaminar Damage

The proposed framework permits to develop a cohesive zone model based on the
experimental characterization and using any shape of law including an elastic part.
The bilinear law is implemented in various finite element codes and has been used
successfully by different authors [16, 69, 70]. However, questions concerning the
influence of the shape of the law on the results and on the convergence (when a
quasi-static implicit finite element code is used) are often raised. The tri-linear
model presented here is more flexible than the bilinear one and permits to over-
come some of its drawbacks [72].

As presented in Fig. 5.16, two parts could be distinguished in the model: a
first one (from tp to 7*) in which the released energy is equal to w; and a sec-
ond one (from t* to 0) in which the released energy is equal to wj. 7¢ is the
strength of the interface for a given mixed-mode ratio. t* is the maximal dam-
ageable stress which represents the admissible stress on the interface at the end
of the first part of the damage process. * is defined by 7* = a, 79 Where o, is
a shape parameter which is generally a constant (if a, = 1 the shape is trapezoi-
dal). The total energy released during the damage process is equal to G, with
G, = w1 + oy (w1 = agGe). It should be noted that 7y and G, are respectively
defined by the initiation criterion and the propagation law experimentally identi-
fied (Sect. 5.2).

The evolution of the damage variable is defined by Eq. 5.5 and the damage
behavior by Eq. 5.6.

4=0 if 5 < 8o
7= (B0 — 8) 5,50 if 80 <8 <8
in | 20200 ar 020 ] 5.5
A = min 3(8 af)'toi §0(8f 5),1 i£5 > 5 (5.5)
- 5@ —8,)
4=0
@ (0)
Initiation
criterion
" - (70,00)
Mode 1 | Maximal damageable
r!'. stress criterion
| ! (r*0")
| L p |
A
Y 4 . s
& / B = 'H: z'
o Propagation
- 5 5* 6 6 " ' criterion
O ! (Geydy)

Fig. 5.16 Shape of the tri-linear model a for a constant mixed-mode ratio in the (8, 7) plane, and
b for mixed-mode ratios between mode I and shear mode
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i8>0 i85, <0
T =K(1 =28 [T)=aks o (5.6)
{ Ti=K(—2s \Ti=K(—nys WVhi=23

80, 8%, 8 are material parameters corresponding to the initiation criterion (§g) and
to the propagation law (6*, §). These parameters are defined by

—1)
5~ o
=27 (5.7)

* . G.—12196
§* = 4o +a5(8f —80p) withas = Wfi)ﬁoo) — Uy

5.3.1.3 Determination of the Onset Criterion with Reinforcement
of the Interfacial Strengths Under Out-of-Plane Compression/
Shearing Loadings

The recent work of Charrier et al. [18] has demonstrated the reinforcement of the
interfacial strength under out-of-plane compression/shearing solicitations. In order
to model this reinforcement, the concept of a positive part of the stress tensor has
been used. The concept of this kind of formulation is the determination of the
stresses, in the plane of the crack, which are only responsible for the damage, fol-
lowing the procedure proposed in [39]. Besides, the onset criterion can be written
as

+ 2 + 2 + 2

033 713 03

33 ME 2B =1 5.8
<zf) +(Sf3) +(S53) o

where Z; is the through-thickness tensile strength identified using a four-point
bending test on L-angle laminates (Sect. 5.2.1.2), S{5 and S5 are the positive shear
strengths. o35, 7,5 and 735 are the positive interlaminar stresses defined, following
[39], by

+_ )
033 = 2, <033+\/0323+4(T123+7223)>

+ _ () with{ AT = 5.9
5= 25 , 2 (5.9)
PTady le=r )

B =" 0

Positive normal 0;5 and shear ‘L']_g stresses are generated using Eq. 5.9, even under
pure shear loading (13 for instance). In order to respect the identified interlami-
nar strengths under pure shear loading, the positive shear strengths S{; and S5, are

defined by
S13 823
B=——F—m= Sy = ———
21— (3 21— ()
“\2z “\2z (5.10)
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Fig. 5.17 Comparison 120
between the quadratic
criterion classically used
and the criterion with
reinforcement
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where S13 is the interlaminar strength in mode II (identified using Interlaminar
Shear Strength (ILSS) tests on 0° unidirectional (UD) plies [10]) and S»3 is the
interlaminar strength in mode III (identified using ILSS tests on cross-ply lami-
nates [18]). Figure 5.17 shows the difference between the present criterion and the
classically used quadratic criterion [22].

For convenience, before onset of failure, the tri-axial stress state is represented
using the relative displacement. Thus, the part of the participation of each through-
thickness stress is defined using two parameters

6 = arccos (6%)
@ = arctan <§—;) -11)

where w represents the participation of the interlaminar shear stress in mode III
compared with the interlaminar shear stress in mode II and 6 the participation of
the interlaminar normal stress compared with the interlaminar shear stress. The
magnitude of the total relative displacement is defined by

8% = /87 + 83 + 83 (5.12)

It should be noted that, compared with the relative displacement § defined in
Eq. 5.4, the total relative displacement takes into account the normal relative dis-
placement, even if it is negative, in order to take into account the effect of the out-
of-plane compressive stress on the onset criterion.

Assuming that the stiffness K is the same whatever the loading direction, and
reporting Eqgs. 5.9 and 5.11 in Eq. 5.8, then the relative displacement at initiation
8o is given by
%

5.13
\/ a33 +ajs + a3, 619

8o =
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with
~3
_ a
a3 = a2 +sin? 6
an = a-sinfcosw Z;
13 a2 +sin?0 Si3
a3 = t~12 sinGSinwA (514)

a2 +sin2 6 353
a= %(cos@ + \/c0s29 + 4sin26’)

* _ L
=%

The evolution of the fracture toughness G, as a function of the mixed-mode ratio
is experimentally characterized using fracture tests [7, 8, 14, 17, 21, 27, 28, 37, 51,
57, 62-65]. This evolution is classically defined by a propagation law such as the
power law (Eq. 5.15)

GI)“ <G11)a (Glll)a
— + + =1 5.15
< Gie Giic Giiie (5-15)

in which « is a material parameter or the Benzeggagh law (Eq. 5.16)

GC = GIC + (GIIC - GIC)Bn
B _GitCy (5.16)
Gr+Gu+Gur

where 7 is a material parameter. Nevertheless, the evolution of the fracture tough-
ness as a function of the mixed mode ratio identified by TFNS tests (Sect. 5.2.2.2)
is not well described by the precedent propagation laws. In this respect, Vandellos
et al. [71] have proposed an improved propagation criterion (Eq. 5.17).

G =G + (GIIL' - GIC)BT]

LS/ £) — <_ £)
arctan <Gl GG~y arctan 7 (5. 1 7)
K- — Kk
arctan (K y) arctan ( y)

in which n, «, y are material parameters. A comparison between the identified
parameters of this proposed criterion and the experimental data is presented in
Fig. 5.9 thereby evidencing a good agreement between the propagation law predic-
tions and the experimental data for the T700GC/M21 carbon epoxy material (see
the parameter values in Table 5.1).

Following the definition proposed in [58], the local mixed-mode ratio is defined
by

g

B = arccos
(5.18)

15 o

@ = arctan

g
[N
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Thus, the energy release rates related to the fracture modes are given by

Gr = G.cos’ B

G = G, sin® B cos? w (5.19)

G = G sin? B sin? w
Using Eq. 5.4, an analytical relation can be expressed between the fracture tough-
ness and the maximal admissible displacement §¢. For instance, this equation for
the tri-linear model is

_ G. — 1/2198¢
T 12t +a0)

Thus, reporting in this relation the value of the fracture toughness obtained from
the propagation law, the maximal admissible displacement Jy is evaluated.

5 (5.20)

5.3.2 Damage Evolution Law of Intralaminar Damage

Section 5.2 has demonstrated the influence of matrix cracking on the evolution of
the delamination crack. Although micromechanics studies [13] have shown the
important effect of the local delamination on the saturation of the transverse crack-
ing, only a few continuum damage models [23, 35, 45, 46] take into account the
evolution of these two types of matrix damage.

To be able to take into account the influence of intralaminar damage on the
delamination evolution, a simplified version of the multiscale hybrid approach for
the damage prediction until the final failure of laminated composites developed
by Laurin et al. [46] is proposed to simulate the evolution of transverse matrix
cracking and local delamination. In this model, two damage variables are used to
describe the matrix damage behavior of each ply: p (the normalized crack den-
sity, i.e. the crack density multiplied by the thickness of the considered ply) and
7 (the local delamination ratio, i.e. the total length of local delamination cracks
divided by the total length of the interface). In order to develop a mesoscopic dam-
age law, it is first necessary to identify the effect of the damage on the stiffness
of the damaged ply. Nevertheless, it is very difficult to determine experimentally
the stiffness reduction of a cross-ply laminate with a sufficient accuracy, especially
for carbon/epoxy composites. Consequently, a numerical approach based on vir-
tual testing has been adopted. In order to determine the stiffness of the damaged
cross-ply laminate, a classical assumption on the periodicity of the damage pattern
is made [13, 45, 67]. For each crack density and local delamination ratio given, a
representative periodic cell is defined (Fig. 5.18).

This unit cell represents a cross-ply laminate. The damage occurs only in the
central 90° ply. The behavior of the ply is described by a transverse-isotropic
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Fig. 5.18 Definition of the
equivalent stiffness tensor as
a function of the thickness h
and of the damage parameters
of the ply (0 = &, = h%)

elastic behavior. The six elementary strain components are applied to this rep-
resentative cell and the stiffness of the laminate is defined by the average of the
stress field over this cell. By assuming that the laminate stiffness evolution is only
due to the loss of stiffness in the 90° ply, an equivalent stiffness of the damaged
ply can be identified by a homogenization approach. The effects of the normalized
crack density p and the associated local delamination ratio i, obtained through the
virtual test campaign on the damage compliance tensor S of the damage ply, can
be fitted with the following proposed analytical formulations

{s S° + AS(P. TE) 5o

S(p, W) = PH* + {4=H" + p°H° + pizH!

in which, §° is the initial compliance tensor of the ply and H?, H”, b Hand H 4 are
the damage effect tensors identified through the virtual test campaign. It is worth
mentioning that, in order to simplify the identification procedure and especially
to guarantee a positive—definite compliance tensor, the effect tensors are assumed
diagonal.

In a second step, it is necessary to propose an evolution law for each damage
mechanism. In long fiber composite materials, it is now well established that the
thickness of the damaged plies is an important parameter [13]. In fact, the damage
threshold and the evolution of transverse crack density are a function of the ply
thickness (the thicker the ply is, the lower the damage threshold and the higher the
kinetics are). The damage kinetics are thus given by the following relations

=h(l—p) [051<}’I y,>+ + o (ynr — }’11> + o (ymr — )’?11>1]
= (anp* + hbip) , (5.22)
0

- z:| ’ol
IV

where yy, yy and yyyy are the driving forces and £ is the thickness of the ply. oy, o7
, apr and n are material parameters. y7, y; and y{, are the damage thresholds. ay,
and by, are material parameters which permit to have an explicit formulation of the
local delamination ratio (£t) as a function of the crack density (). The use of this
explicit formulation avoids the definition of a specific evolution law [35] for the
local delamination ratio. Moreover, the local delamination tends to slow down the
kinetics of the transverse cracking.
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The driving forces are expressed in Eq. 5.23 and depend on the positive part
of the stress tensor [39] in order to predict damage for tensile loading or even for
combined low transverse compression loading and high shear loading.

yi= 02 52202
yin = 06 S66U6 (5.23)
yir = 6, 84404

where indexes 2 correspond to the in-plane transverse stress components, 6 to
in-plane shear components and 4 to the out-of-plane ones. The matrix cracking
thresholds are defined by using a coupled criterion [35, 46, 49] which implies that
the onset of transverse cracking needs to fulfill two criteria, a stress criterion cor-
responding to the onset of damage at fiber/matrix scale and an energy criterion
to ensure the propagation through the entire ply thickness of the transverse crack.
These matrix cracking thresholds are then defined by the following expressions

y? = max Y ’h 30 | withi = 1,010,111 (5.24)

in which, y?£, y2F and y9F are the energy thresholds and y¢°, y?° and y99 the stress
ones. The energy thresholds are material parameters and the stress ones are the
driving forces calculated when the in-plane interfiber criterion, defined in Eq. 5.25,

is first fulfilled.
(% (3 2)" Z L if oy > 0
) () () =1 o
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Fig. 5.19 Evolution of the normalized crack density as a function of the applied stress and of the
average local delamination length as a function of the crack density for several cross-ply lami-
nates (in symbols) and comparison with the prediction of the damage ply behavior (continuous
lines)
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where Y;, S12 and S»3 are respectively the transverse tensile strength, the in-plane
shear strength and the out-of-plane shear strength in the 2-3 plane for a thick UD ply.

Figure 5.19 presents a comparison between the response of the proposed
model and the experimental data for T700GC/M21 carbon/epoxy cross-ply lami-
nates with different 90° ply thicknesses. The transverse cracking evolution of the
[02/90/07] laminate is used for the identification of the model parameters (the
energy threshold y‘,’E and o). The results on the other stacking sequences are used
to validate the model (see the parameter values in Table 5.1).

5.3.3 Damage Evolution Law of Delamination Including
the Intralaminar Damage Effect

Section 5.2 has demonstrated the influence of ply damage on the onset of
delamination cracks and its evolution using experimental data. Even if the iden-
tification of this influence is difficult using an established procedure, it seems
important to take it into account during the design analysis for the sake of secu-
rity. Several approaches have been proposed in order to take into account this
inter/intralaminar coupling. Ladeveze et al. [45] have developed an approach
based on virtual testing in order to define relations between the damage state
of the laminate (transverse matrix cracking, local delamination, delamination)
and their effects on the out-of-plane part of the laminate behavior (micro-meso
bridge approach). Abisset et al. [1] and Daghia and Ladeveze [23] derived from
the precedent approach a simple expression for the coupling between delamina-
tion and matrix cracking. Abisset et al. [1] applied this expression to predict the
rupture of open-hole plates and laid emphasis on the requirement of inter/intrala-
minar coupling.

From our point of view, the expression of the damage evolution (intralaminar
or interlaminar) can not be only deduced from virtual testing and a phenomeno-
logical approach must be preferred. Nevertheless, the experimental data pre-
sented in Sect. 5.2 only demonstrate the influence of the intralaminar damage on
the delamination crack evolution law. Due to the scattering of the experimental
results, several assumptions could be made for modeling such a coupling. The first
one assumes that the damage variable at the interface (4 defined in Eq. 5.2) and
the local delamination ratio (&t defined in Sect. 5.3.2) have the same effect on the
interface constitutive law. Under this assumption, it becomes possible to define an
effective interface damage variable A°f as [34]

M = min(l 4+, 1) (5.26)

The second assumption adopted by Vandellos et al. [72] and Laurin et al. [46] is
based on a geometrical point of view. The local delamination ratio being defined
as the total length of the local delamination cracks due to matrix cracking
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divided by the total length of the interface, this damage variable could be assim-
ilated to a diffuse damage variable and its effect on the strength of the interface
could be defined as

zl' =1 -vimz
Sty = (1= Y DS (5.27)
Sgéc = (1 - V#H)SZ%

where Z/*, Sf 30 and S% . are the effective interfacial strengths due to the presence
of local delaminations at the interface. A similar assumption could be adopted for
the propagation law but in order to avoid numerical convergence difficulties, the
effective toughnesses Gﬁé with i = 1,11, 11l are so defined that the ratio between
80 and &y (Eq. 5.7) remains constant. Consequently, the effective interfacial tough-

nesses have the following expressions
Gl = (1 — yFm)’Gie  withi= 1,11, 111 (5.28)

y¢" in Egs. 5.27 and 5.28 is a material parameter to be identified and which
describes the influence of the intralaminar damage on the interlaminar damage. In
the following, the second assumption has been chosen in order to investigate the
influence of the parameter identification on the selected application test case.

5.3.4 Implementation in a Finite Element Code

The cohesive zone model and the damage constitutive law of the ply described in
the previous sections have been implemented in the implicit finite element solver
Z¢bulon [75]. In order to avoid mesh dependencies due to the damage constitutive
law of the ply, a regularization technique is required. Several methods are avail-
able [2, 30] but in order to avoid the development of a specific finite element for-
mulation (by a non local approach), the delay effect method has been used. Then,
the evolution of the damage variable is defined by a first order ordinary differential
equation

dp 1 _

i ;C(F(YI,yn,ym) —p) (5.29)
where F(yr,yir,ynr) represents the normalized crack density without regulariza-
tion defined as

F(r,yi.ym) = h(1 — ) {061<y1 — 7)o (ym —yi)"h
) (5.30)
+ oy <y111 - )’711>+}



5 Influence of Intralaminar Damage on the Delamination ... 133

Taking into account the coupling between the intralaminar damage and the inter-
laminar damage in a standard finite element code is not straightforward. In order
to transfer the damage state information, i.e. in the present case, the local delami-
nation ratio from the neighboring plies to the interface, several methods are also
available, such as the non local approach [34]. Nevertheless, as mentioned previ-
ously, this type of method requires the development of a non local finite element
formulation and could lead to some difficulties for the numerical convergence of
the analysis. In this respect, a post increment method has been adopted. The effect
of the local delamination ratio on delamination is then computed at the end of each
increment, once the convergence at the global scale is ensured. For each Gauss
point in cohesive elements, the maximum of the local delamination ratio computed
on the two neighboring plies is retained in Eq. 5.27.

5.4 Application on Structural Test Cases

Tensile tests on T300/914C graphite/epoxy double-edge-notched (DEN) cross-ply
laminates specimens were experimentally performed by Kortschot and Beaumont [40—
42]. The tests were performed on [90;/0;],,s laminates (with j = 1,2 and n = 1,2,4).
Moreover, several ratios of total notch length to specimen width, 2a/w, were studied.
The specimens tested in tension were radiographed during the mechanical tests. Every
radiograph has shown a similar cracking pattern where three main forms of damage
are visible: (i) splits in the 0° plies from the tips of the notches, (ii) transverse matrix
cracks in the 90° plies and (iii) triangular delamination zones at the 0/90 interfaces.

Due to the presence of intralaminar damage and delamination cracks close
to the notches, subjecting DEN specimens to tensile loading seems to be a well
adapted test in order to demonstrate the capabilities of the proposed models to
describe the influence of intralaminar damages on delamination. The dimensions
of the DEN specimens have been chosen as indicated in Fig. 5.20, provided that
the 2a/w ratio is equal to 0.5. Moreover, the stacking sequence [90/0]; has been
chosen with 0.125 mm for ply thickness, as indicated in [42].

Using the geometrical and material symmetries, the finite element model of
the DEN specimen under tension loading is based on 1/8 of the [90/0]; specimen

Fig. 5.20 Dimensions of the
DEN specimen

w=10mm

a=25mm
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Ux imposed
<

o
90°

Fig. 5.21 Finite element model of the DEN specimen under tension loading

(Fig. 5.21). Each ply is represented by linear solid elements, with one element
through the thickness, and cohesive zone elements are inserted between each ply.

The models used in this work have not been identified on T300/914C laminates
but on T700GC/M21 laminates. Therefore, the comparison between the simulations
and the experimental observations, reported in [42], will be only qualitative. The
material properties used for the simulation are given in Table 5.1. It is important to
note that the characteristic time 7., used as a delay effect on the damage evolution
law of the model (Eq. 5.29), is considered in this work as a numerical parameter
which permits to avoid the dependence between the damage rate and the mesh size.
For the tensile tests on DEN specimens, simulations in displacement controlled
mode with a loading rate of 0.1 mm/min performed with several mesh sizes have
shown that the value t, = 80 s is satisfying to avoid this numerical dependence.

In order to understand (i) the effect of the behavior of the plies on the interface
and (ii) the necessity to take into account the influence of intralaminar damages

Damage behavior of Damage behavior
Elastic behavior the plies without of the plies with
of the plies inter/intralaminar inter/intralaminar
coupling coupling (4 =1)
1.00
0.857
Interface 0.714
damage g:g A
0.205
0.143
0.000
Delamination
A=1 . crack
No
Delamination

Fig. 5.22 Influence of the ply behavior and of the inter/intralaminar coupling on the delamina-
tion zone (interface damage field 4) and on the broken zone (/ = 1) in the DEN coupon subjected
to tension loading
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Interfaces
90° plies

0° plies
90° plies

0° plies

P in

P in

0000 0.143 0285 0429 0.571 0.714 0.857 1.00

A in interfaces

Fig. 5.23 Damage variable fields in the plies () and in the interfaces (1) in the DEN coupon
subjected to tension loading for the configuration with a damage model for the plies and inter/
intralaminar coupling (y4' = 1)

0.0

=1
[&))

interface - A

Percentage of delaminated

0 1 2 5 4
Inter/Intralaminar coupling parameter 'yf; (-)

Fig. 5.24 Influence of the inter/intralaminar coupling parameter on the evolution of the per-
centage of delaminated area in the interfaces in a DEN coupon subjected to tension loading
(v& =0,1,2,3 and 4)

on the delamination (i.e. the inter/intralaminar coupling), three configurations have
been studied

e without damage model for the plies,
¢ with damage model for the plies but without inter/intralaminar coupling,
e with the inter/intralaminar coupling in the finite element model.

On the one hand, the comparison between the first two configurations (Fig. 5.22)
shows that the ply damage contributes strongly to the propagation of the delami-
nation crack, whose orientation corresponds to the direction of the splits in the O
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plies. Nevertheless, the broken zone (i.e. the delamination zone where the dam-
age variable / reaches 1) is very localized. In contrast, the last configuration
(Figs. 5.22 and 5.23) demonstrates that the inter/intralaminar coupling is essential
in order to create a triangular delamination zone at the 0/90 interface, as observed
experimentally in [42]. Therefore, it seems crucial to take into account the influ-
ence of the intralaminar damage on the delamination and the modeling strategy
used in this work appears satisfying to describe this influence. It is worth mention-
ing that several simulations have been performed in order to chose the increment
of time giving a description of the delamination independent of the post increment
coupling method used. B

On the other hand, the identification of the parameter yé‘ used for the inter/
intralaminar coupling appears very important. Indeed, with the last configura-
tion, simulations of the DEN specimen under tensile loading have been performed
with yé‘ =0,1,2,3 and 4. The results presented in Fig. 5.24 demonstrate that the
size and shape of the broken zone strongly increase when y}° becomes higher.
Therefore, it seems essential to identify precisely the relation between the interfa-
cial properties and the intralaminar damages, using for instance the experimental
characterization procedures proposed in Sect. 5.2.

5.5 Conclusions

In the present chapter, the influence of the intralaminar damage (transverse
matrix cracking and local delamination) on the interlaminar damage has been
investigated. Using specific device setups and coupons, this influence has been
demonstrated experimentally through the analysis of the onset and propagation
of delamination cracks. In order to model this inter/intralaminar damage cou-
pling, a cohesive zone model has been developed. It takes into account the local
delamination ratio, determined by a continuum damage model in the plies adja-
cent to the interface, using a post increment method in the implicit finite element
analysis. The local delamination ratio is used to decrease the interfacial strength
and the fracture toughness of the interface. The application of these models on
a double-edge-notched specimen under tensile loading clearly demonstrates the
importance of the contribution of the introduced coupling on damage pattern
which is very similar to the coupling experimentally observed and reported in
Refs. [40—42]. It is worth mentioning that the simulation results are very sensi-
tive to the coupling parameter value, thus implying an improvement in its identi-
fication procedure.
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