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Abstract.

A multi-level analysis of skin/stiffener debonding is used for the fuselage design of
future aircraft during postbuckling. The specimens composed of a laminate (the skin) to which
an over-thickness (the flange) had been added were subjected to four-point bending, which led
to interface failure between the flange and the skin. These tests were performed with several
configurations and parameters, such as the orientation of the plies located at the interface, tem-
perature (-50°C, 20°C and 70°C), ageing and manufacturing mode: co-cured or co-bonded.
The flange shape (tapered or not) and thickness were also considered. Test data are presented
and analyzed and critical configurations are identified. Finite element models were developed
and the flange debonding loads computed, firstly by use of cohesive models and then through a
fracture mechanics approach (Virtual Crack Closure Technique). In both cases, the Benzeg-
gagh-Kenane criterion was selected and proved its efficiency but the fracture mechanics
approach was an order of magnitude less time consuming, which will enable future modelling
to include larger sizes.

* Corresponding author: bruno.castanie@isae.fr, Tel: 33 (0)5.61.33.81.16. Fax: 33.(0)5.61.55.81.78.
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1 - Introduction

The coming generations of aircraft structures will be made of all-composite materials but
the traditional design composed of stiffeners, frames and thin skins will be kept. However, the
stiffeners of metal structures are riveted whereas composite technology allows the stiffeners
and skin to be manufactured together. Stiffened aeronautical structures are intended to allow
for postbuckling, thus permitting a lighter structure. Postbuckling is allowed within the flight
envelope for metal structures but only beyond limit loads for composite structures. Conse-
quently, only static justification is required. In the postbuckling phase, the appearance of buck-
les and a redistribution of the forces in the stiffener [1] lead to very localized overstresses at the
stiffener/skin interface. Thus, the final failure of these structures may occur by stringer
debonding between stiffener flanges and the skin of the fuselage [2], [3], [4]. Li et al [5] define
an understanding of this phenomenon as the crucial link for the design of composite structure
airframes. However, the scales at which debonding and postbuckling occur are very different:
of the order of 100 mm for buckles and of the order of 0.1 mm for debonding. The modelling

problem posed by multiple scales will be considered in the second part of this two-part article.

Initially, analytical methods were proposed which enabled local bending moments and
then local stresses to be calculated from out-of-plane displacements for the shear buckling case
[6], [7]. As the accuracy of these methods was not sufficient, finite element methods were pro-
posed. Krueger and Minguet [8] suggested using fracture mechanics to predict debonding. The
modelling was done by finite elements and the Virtual Crack Closure Technique method was
used to determine energy release rates and mode distribution [9]. Debonding initiation was
determined by the Benzeggagh-Kenane mixed criterion, which seems pertinent for carbon-
epoxy laminates [10]. These authors performed debonding tests at the elementary level for
simple and combined loads to validate the choice of the approach. They used a non-specific

specimen composed of a skin and a flange [11] initially proposed by Minguet [12]. The same
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type of specimen and the same criterion were re-used by Camanho and Davila to validate their
approach using cohesive elements and a bilinear damage law ([13], [14]). A stiffener debond-
ing study was also carried out by Wagner and Balzani, again using cohesive elements but with
an exponential law [15]. Both methods seem to have reached maturity and appear to give satis-
factory results. Other methods have been put forward (Strain Invariant Failure Theory [16] and
Strain energy density [17]) but remain to be validated for the problem at hand. To sum up, the
various authors involved have focused on determining local criteria and numerical approaches

that deal with the problem on different scales.

The analysis presented here forms part of a multi-level approach, details of which can be
found in [18]. It includes experiment and computer simulation and is based on a "pyramid of
tests" methodology (Figure 1 and [21]). The base of the pyramid is a purely experimental level
concerning interface characterization tests for a given material. The second level uses non-spe-
cific test pieces, i.e. specimens that are representative of a technology (e.g. co-cured or bonded
assemblies) but independent of any particular programme or aircraft zone. The level above this
concerns elements or structural details. Analyses at element and panel level will be presented
in part 2. The last step would be to go from the scale of panels used for certification to compu-
tation of the complete aircraft in postbuckling but this step needs methods to be developed that

will reduce the computing time required by an order of magnitude [22].

This part of the paper presents the studies performed at non-specific specimen level. The
specimens used by Krueger et al [11] and subjected to 4-point bending proved to be pertinent
to the study of the debonding induced by postbuckling in stiffened composite structures. In
particular, the introduction of composite fuselages means that wet ageing, manufacturing
methods, local designs and the effects of temperature (from -50°C to +70°C) have to be taken
into consideration. The number of tests to be carried out is therefore large and the cost would

be prohibitive if performed at higher levels. The range of tests performed will be presented in
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this first part. The size of the specimens also makes an initial validation of the Benzeggagh-
Kenane criterion possible and allows a comparison between the fracture mechanics or cohesive
element methods to be made using a commercial code (Abaqus [19]) so that a methodology

applicable to the higher structural levels can be chosen.

2 - Experimental Study
2.1 - Description of specimens and test.

The geometry of the specimens is illustrated in Figure 2. The specimens were manufac-
tured by manually laying up unidirectional, 134 g/m?, plies of T700/M21 pre-impregnated
laminate.

Two ways of manufacturing the flange were studied: co-cured (flange laid up at the same
time as the skin) and co-bonded. In the case of co-bonding, the skin was polymerized first and
the flange was laid up and placed on the skin with an adhesive film between the two parts. A
second polymerization was thus necessary for these specimens. The local geometry was ana-
lyzed by varying the thickness of the flange: 1.82 or 2.34 mm (14 or 18 plies) and varying the
local shape: straight edges or tapered edges. The behaviour of two types of interface, 0°/0° and
45°/-45°, was analyzed.

Four-point bending tests for which the upper supports were mobile and placed 72 mm apart
and the lower supports were fixed 110 mm apart (Figure 3) were considered. Four-point was
preferred to three-point bending in order to limit the risk of breaking the skin. Out-of-plane
displacements were analyzed by digital image correlation. The load cell of the machine sup-
plied the bending force. The start of cracking was visually detected using a CCD camera that
filmed the side of the specimen, locally painted in white. The mechanical behaviour was glo-
bally similar for all specimens of the test matrix according to the type of interface. Typical

responses were analyzed through curves of force versus displacement at the supports.



5/30

B. CASTANIE

Environmental effects were studied by performing tests at -50°C, 20° (room tempera-
ture) and 70°C. The tests at -50°C and 70°C took place in a self regulating thermal chamber.
To check stability of temperature in the specimens, two specimens were fitted with thermocou-
ples in their core and on their surface before being placed in the thermal chamber. The curves
of core and surface temperatures versus time showed that 20 minutes in the chamber was suffi-
cient to ensure a uniform, stable temperature (-50°C or 70°C) in the specimens. Some speci-
mens also underwent wet ageing at 70°C and 85% humidity. The temperature and humidity
correspond to the requirements for aeronautical certification. The 85% humidity is known as
the "objective rate". It is practically never reached on structures in flight as this relative humid-
ity is found in very few places in the world and moisture absorption is reversible. The ageing
time to reach saturation for our specimens was 4 months. The matrix of tests performed

together with the number of specimens made is given in Table 1.

2.2 - Typical responses.
Three curves obtained for specimens with straight edges, interface 0°/0° at room tempera-

ture are given in Figure 4.

The first phase corresponds to linear behaviour of the specimen. This phase is interrupted
by the appearance of a crack between the flange and the skin on one side only of the flange
(Figure 5). The side that cracks first varies among specimens and seems to depend on the inac-
curacy on the positioning of the specimen and imperfections that can vary from specimen to
specimen. The appearance of the crack between the flange and the skin is characterized by a
jump gap in the force/displacement curve. Increasing the load causes this first crack to propa-
gate gradually, making the specimen unbalanced. After this, either the crack propagates until
the flange comes away from the skin completely or a second crack appears on the other side of

the specimen to make up for the imbalance (Figure 6). Increasing the load then leads to com-
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plete detachment of the flange and final failure occurs by the plies of the skin breaking (Figure
7). For co-bonded specimens, the decrease in the forces when the first crack appears is greater

and, in general, there is no second crack.

For 45°/-45° interfaces, debonding starts slowly at the interface between the flange and the
skin (Figure 8). This produces a gradual reduction in the bending stiffness. The propagation is
unsymmetrical and relatively restrained until loading goes beyond 600 N. The fibre bridging
generally observed on the oriented interfaces and the fact that the fibres do not run in the deb-
onding direction may explain this situation. At around 650 N, the crack opens up suddenly and
debonding is abrupt. A post-mortem analysis showed an intralaminar fracture of the flange ply
at 45° and propagation at the level of the 0° interface immediately above it (Figure 9). This was
observed on all specimens. This debonding process is more gradual and could be recom-
mended for the design of aeronautical structures. Nevertheless, the levels at which the first

cracks appear are comparable to those for 0°/0° interfaces.

For the tapered flange, cracking does not occur directly at the interface between the flange
and the skin but at the flange ply just above (see [12] and Figure 10). This crack thus cuts
across the first ply before reaching the interface. Propagation is then very gradual and leads to
complete debonding of the flange. The same overall types of behaviour were observed for aged

specimens and at the various temperatures.

The response for a co-bonded specimen with straight edges with 0°/0° interface at room
temperature is shown in Figure 11. For this type of interface, the behaviour is different from
that of co-cured specimens. The elastic zone before cracking starts is much larger (+55% on
average) but, once the crack starts, debonding propagates very fast along the whole length of
the flange. The failure of the co-bonded joint occurs by cohesive fracture (Figure 12). Tapering
the flanges in the co-bonded configurations had the same effects as in the co-cured configura-

tions.
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For the interfaces at 45°/-45°, the co-bonded specimens showed the same behaviour as that
represented in Figure 8. In this case, the layer of adhesive did not provide any significant gain
as the initial crack did not start at the bonded interface but at the interface of the 45°/90° plies

in the flange.

2.3 - Manufacturing and design comparison at room temperature.

For aeronautical composite structures, the "no-crack growth" principle is used as a
design guideline. Thus, the load corresponding to the onset of delamination is used as a crite-
rion for comparing the different configurations proposed. Averages of tests results is shown in
Figure 13. Scatter of the results was small, reaching +/- 15 % for the least favourable case (ref-
erence case) and +/-2% for the tapered, 0°/0°, co-bonded flange. It was of the order of +/- 5%

in general, with lower scatter for the co-bonded specimens.

The reference case corresponds to the simplest fabrication (specimen with straight
edges) and a 0°/0° interface. When the flange thickness is increased, the crack appears for 16%
lower loading. On the other hand, in all cases, the presence of tapering delays the onset of dela-
mination. The greatest increase is + 64% with respect to the reference case. It is thus notewor-
thy that local design is of paramount importance for the resistance of the structure. The tapered
shape should be recommended despite the difficulty of manufacturing. At the interface, con-
trary to usual expectations, the 45°/-45° configuration systematically leads to early fracture
onset (-38% specimen with straight edges , co-bonded).

This can be qualitatively attributed to the fact that local stiffness is modified when the
stacking sequence changes. Moreover, material qualification tests have shown that the initial
energy release rates are equivalent for both interfaces. The possible advantage to be gained
from using the 45°/-45° configuration is one of propagation but, by its very nature, this is in

opposition to the "no-crack growth" design principle. As for the choice of manufacturing
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method, in spite of the cost of the extra polymerization step, the co-bonded solution clearly has
the advantage (+ 56% for specimen with straight edges and + 12% for tapered flanges). The
variability among solutions is high: with respect to the reference case, the tapered flange, co-

bonded solution gives a gain of + 84%.

2.4 - Influence of ageing and temperature.

The influence of ageing and temperature on the onset of delamination for co-cured spec-
imens is presented in Figure 14. For the sake of clarity, only the results with a 0°/0° interface
are shown, given that the trends concerning the onset of delamination do not change with the
nature of the interface. In terms of general specimen behaviour, the forms of damage and the
fractures observed are not different from those observed at room temperature on non-aged
specimens. However, the loads at which the first separation between the flange and the skin is
observed vary with temperature and ageing. The greatest scatter (13.8 %) is obtained for the
case of a specimen with straight edges at -50° and the smallest (1%) for the same configuration
but with ageing. The average order of magnitude of the scatter is around 5 %. For specimens
with straight edges, the tests show that very low temperatures (-50°C) constitute the critical
case whether the specimen is aged or not. The loss is about 12 % in the non-aged configuration
and only about 3% in the aged configuration. It can thus be noted that temperature sensitivity is

lower for the aged configuration.

The failure levels for aged specimens with tapered edges are greater than those for simi-
lar non-aged specimens. This may be due to the facts that the specimens were made from dif-
ferent batches of raw materials and that the taper was slightly longer on the aged specimens.
For this type of specimen, it is probable that the influence of the local geometry is more signif-
icant than the influence of environmental conditions. In the case of non-aged specimens, the

critical case is at -50° and the reduction with respect to room temperature is 18%. In the case of
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aged specimens, the sensitivity to temperature is again found to be reduced (12.7 %) but the
critical value is obtained at 70°C (-4% with respect to -50°C). However, in this case, the dis-
persion is too large for the trend to be considered definite. The criticality at -50°C was also
observed at the level of specimens with crossed interfaces. At 70°C, a reduction was also noted

but was only of about 7%.

The influence of ageing and temperature on the onset of delamination for co-bonded
specimens is presented in Figure 15. For the sake of clarity, only the results with a 0°/0° inter-
face are shown, given that the trends concerning the onset of delamination do not change with
the nature of the interface. As for the co-cured configurations, the reference corresponds to
tests carried out at 20°C on non-aged, specimen with straight edges and a 0°/0° interface. In the
case of co-bonded configurations, the temperature is the most influential factor. The critical
temperature is still -50°C but the reductions observed are larger than in the co-cured case. The
loss of strength is 38% for non-aged specimens and reaches 43% on aged specimens. In the
case of solutions using tapering, the lowest temperature again corresponds to the critical case
but the influence of environmental conditions seems less noticeable. The advantage of co-
bonding over co-curing does not appear to be decisive when environmental effects are

included (only +8 % for the case with ageing, - 50°C).

2.5 - Conclusion on the experimental study.

The critical configuration for co-cured and co-bonded technologies is the case with age-
ing and low temperature for this material. Composites generally have better in-plane properties
at -50°C than at 70°C. In our application, it is the "out-of-plane" behaviour of the laminate, and
thus the resin, that is important. The embrittlement of the resin at low temperatures could
explain this criticality. A noteworthy consequence is that, although the gains are high (+ 56%)

for co-bonded technology at room temperature, after wet ageing and at -50° the gain is only
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8%. For this critical case, the advantages provided by the co-bonded solution are practically

negligible.

3 - Numerical Study

The aims of the numerical study were (i) to confirm the suitability of the de Benzeggagh-
Kenane criterion proposed by Krueger et al [11] and to test the influence of the paramerer n,
and (i1) to make a comparison at the elementary, non-specific specimen level between the
cohesive element and fracture mechanics computing methods found in the literature. The

choice made at this level conditions the choice of modelling at the higher level (Figure 1).

3.1 - Finite element models description.

The Abaqus software [19] has been used and the model is shown Figure 16. Theoretically,
all specimens have two symmetrical planes, so it is possible to simplify the structure by use of
such symmetries. Nevertheless, some defects and misalignments imply that a crack comes ear-
lier than the other. Therefore, the initial symmetry does not exist after the first crack. In order
to avoid any problems due to the debonding, no symmetry has been taken into account and
specimens have been fully modelled. Geometries have been measured after manufacturing and
real shapes have been also modelled. Boundary conditions are defined from contacts between
supports (rollers) and specimens. Contact conditions are used between rollers and specimens.
A hard contact is used along the normal direction and a free sliding for the tangential behav-
iour. An augmented Lagrange method is used to solve contact equations. Each support is mod-
elled by an analytical surface. To balance the model and avoid a free sliding between
specimens and rollers, front faces of each specimen are constrained along the rolls directions.
Loading was performed by an imposed displacement to a point connected with rigid links to

the moving rollers.



11/30

B. CASTANIE

The mesh was refined around the points of contact with the supports in order to make the
models converge easier, and at the edges of the flanges so that the interface behaviour could be
correctly modelled. The skin and flange were modelled using SC8R reduced integration "3D
continuum shell" elements, allowing the out-of-plane representation. Only a single element is
necessary in the thickness direction but the tapered flanges were modelled with two elements
to better represent the stiffness at the extremities of the tapers. Each mesh element was about 1
mm? in the refined zones and the flange mesh was coincident with the skin mesh. The model of
the skin/flange interface behaviour was based either on damage mechanics or on fracture

mechanics.

A first model using cohesive elements was developed. Decohesion between the flange and
the skin was modelled through a bilinear damage law [23], as illustrated in mode 1 in Figure
17. The law was implemented over three-quarters of the length of the flange (to allow decohe-
sion at one side only) in cohesive elements of zero thickness. In practice, the use of cohesive
elements requires a precise choice of four parameters: the interface pseudo stiffness K,,,, the
maximum equivalent stress of initiation, the critical energy release rate, which is equal to the
area under the damage law, and the mesh size. The Benzeggagh-Kenane criterion [10] in
mixed mode 1 and 2 was implemented as in Camanho et al. [13] and gave the area under the

damage law (Figure 17):

G n
Ge = 61 +(65- 0N H g7 (eq 1)

The terms indexed - are the critical values of the energy release rate and were obtained
from DCB and ENF [18] tests. For co-cured, GS = 262J/m? et GS = 1360J/m? ; for co-
bonded : G7 = 1130J/m? et G; = 2870J/m?.

The coupling coefficient n seems to be adequate to a fibre/matrix pair [10]. For the carbon
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fibre/epoxy resin combination it was possible to fix it arbitrarily at 1.5. In the early phases of
an aeronautical programme it is necessary to pre-dimension the structures without knowing the
final choices of materials or the definitive dimensions. A sensitivity study was therefore car-

ried out a posteriori on the parameter n.

The initiation stress was defined by Hashin's quadratic criterion:

2 2+ 2
O-Lj 4 (t31) (;[32) ~ (cq2)
Oy ILSS
where oy is the transverse traction strength (equal to 60 MPa) and the Interlaminar Shear

Strength (ILSS) 1s 110 MPa.

A high value of the interface pseudo-stiffness K, is expressed as an increase in the initial
slope and leads to a stabilization of the results as noted by Turon et al. [14]. However, too high
a value leads to problems of convergence connected with a deterioration of the conditioning of
the tangent stiffness matrices. K, = 106 N/mm?3, a value recommended by Camanho et al [13],
was chosen in the present study. Once these parameters had been fixed, the propagation could
be illustrated in one dimension by a series of damage curves, the concentration of which
depended on the number of elements "active", i.e. partly damaged (Figure 17). The number of
active elements depends on the mesh density and numerical convergence is observed when the
density becomes sufficient [24]. In our case, convergence was obtained for a number of active

mesh elements greater than or equal to 4, which gave an element size of 0.2 mm.

A second model, using fracture mechanics and computing the distribution by mode using
the VCCT method [25], was used (see Figure 18). The efficiency of this type of modelling
relies on prior knowledge of location of crack initiation, which is the case here, and on the
hypothesis of non-perturbation caused by the presence of an initial crack. The VFA method
proposed by Abaqus [19] allows node disconnections in order to model the debonding when

the criterion is reached, by using contact elements which also avoids any penetration between
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the debonded area and the skin. A sensitivity study has been made on the pre-crack length and
the mesh size [ 18] and shows that these parameters have little influence. The size was therefore

fixed at 1 mm and the pre-crack at 0.5 mm.

3.2 - Finite element models/ tests comparison.

The curves of force vs displacement of the upper rolls are illustrated in Figure 19 for the
test specimens with straight edges at room temperature. The results provided by the cohesive
approach and the VCCT computation are also given. Globally, the computed stiffness corre-
lates correctly with the tested stiffness up to the debonding phase. For the cohesive model,
Hashin's criterion is reached very early (around 100 N), which is explained by the typical, very
high, local interlaminar stresses. However, from a simulation standpoint, this early non-linear-
ity makes it necessary to reduce the time steps, which greatly increases the computing time (5
hours) for the cohesive method. The first element is only completely damaged at 525 N, when
the Benzeggagh-Kenane criterion is fully satisfied. Since the VCCT method is based on practi-
cally the same physics, it is logical to find a value of 528 N when the criterion is reached. The
experimental value for the start of crack propagation (567 N on average) was identified by ana-
lyzing the variation in the derivatives of the displacement obtained by digital image correlation
and by visualization of the side. The difference between simulation and test was 7.4 %, which
is acceptable. The propagation was relatively stable when calculated by the cohesive method
and more unstable with the VFA method, for which computation up to debonding only took 5
minutes. The correlation was not so good in the propagation phase, probably because of the
appearance of fibre bridging and the occurrence of a second crack at the other edge of the
flange. After debonding, only the stiffness of the skin remained but the calculation was deliber-
ately stopped at this stage. A sensitivity study was performed on the exponent n of the Benzeg-

gagh-Kenane law by the cohesive method (Figure 19). Globally, the responses in terms of
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initiation and propagation were very similar, which can be attributed to the predominance of

mode 1 in the initiation of propagation.

The results of the numerical simulations are given in Table 2 and compared with the tests
in the case of co-cured specimens. The two types of modelling correlate well with the test
results with an error of less than 9 % in all cases. Similar results were obtained for the VCCT

method alone with adhesive at the interfaces [18].

3.3 - Conclusion on the numerical study.

The Benzeggagh-Kenane criterion was validated and proved to be robust for tests on non-
specific specimens, including in the early phases of a programme. Both methods showed the
same aptitude for predicting the onset of debonding. In terms of propagation, the cohesive ele-
ments method was much more stable but neither of the models successfully represented the
fibre bridges or the change of interface. However the two methods differed by an order of mag-
nitude in computing time for small-sized problems. Thus, for calculating structures of large
dimensions, the cohesive elements method is not suited to the industrial problems that arise. In
the certification and sizing of composite structures, the "No crack growth" principle is used
and, thus, only the onset of delamination is really important. Moreover, in this case as in many
others, the position where debonding starts is known, either from previous experience or from

tests, and the principal limitation of fracture mechanics is not really a problem in practice.

4 - CONCLUSIONS
In the framework of a multi-level approach, tests on non-specific specimens enabled us
to determine critical configurations in terms of debonding for a given fibre/matrix combina-

tion. In the case presented (T700/M21), the wet ageing configuration at -50°C was the most
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unfavourable. The contribution made by an adhesive joint in the critical case proved to be
small, only 8 %, whereas the manufacturing cost is much higher in this case. Tapered edges
are, generally speaking, an advantage but the industrial implementation of these solutions is
difficult. In any case, the methodology presented here, in terms of specimen type and tests, is
indispensable for the choice of a new material in a composite structure that is subject to
debonding (stiffened panels, corners, etc.). It would be interesting to follow up this analysis for
fatigue. From a modelling point of view, the Benzeggagh-Kenane criterion has shown that it is
relevant and can be used in the upstream phases of a programme. However, the temperature
dependence law for aged configurations remains to be established. Moreover, the choice of
fracture mechanics imposes itself for industrial applications because of its reduced computing
time, particularly when as, in the case studied, the position of the onset of debonding is known
and it is not useful to know the propagation behaviour. Overall, the studies performed at this
scale enable the first choices of technology and simulation to be made in the very early phases

of an aeronautical programme, thus reducing the risks while shortening the design cycles.
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Figure 1: Multi-level analysis of skin-stringer debonding [18].
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Figure 2: Specimen overall geometry (straight edges and tapered flanges), unit: mm.
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Figure 3: Four point bending test with digital image correlation set.
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Figure 4: Typical responses for 090°interface, co -cured (3 specimens).
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First crack location

Figure 5: First debonding onset (070°interface).

Second crack location

Figure 6: Second debonding onset (070°interface).

Figure 7: Pattern just before final failure of the skin (070°interface).
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Curves of force versus roller deflection (45°/-45° interface)

1000
900 +
800 First Cracks

700 - ———""-"""=""~"~"=~"~"~"“"\~"“~"“~"~"~"~"~"~"=~"—~"—~"—~"—~"—~"—~"—~"—~"—~"—"—~"—" S~y -

600 +

500 4

Force (N)

400 |
300 |
200 f -

100

0,000 2,000 4,000 6,000 8,000 10,000 12,000
Roller deflection (mm)

Figure 8: Typical response for a 457-45°interface (3 specimens).
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Figure 9: Pattern after complete debonding (co-cured, 459-45°interface).
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Curves of force versus roller deflection (Tapered flange, 0°/0° Interface)
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Figure 10: Typical response for a tapered flange, co-cured and (0709 interface (3 specimens).
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Curves of force versus rollers deflection (Co-bonded, 0°/0° Interface)
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Figure 11: Typical responses for a specimen with straight edges, co-bonded and (0709 interface.

Figure 12: Typical final pattern of co-bonded specimens.



25/30

B. CASTANIE

800

600

400

200

Tapered flanges RT
Straight edges RT

Thicker flanges RT

o\
™

Figure 13: Comparison of first onset of delamination for specimens at room temperature
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Figure 14: Influence of ageing and temperature on first onset of delamination for co-cured specimens.
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Figure 15: Influence of ageing and temperature on first onset of delamination for co-bonded specimens.
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Figure 16: Finite element models.
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Figure 17: Mesh density and cohesive modeling parameters illustration.
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Figure 18: Particularities of the Fracture mechanic model.
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Figure 19: Typical comparison between finite element and test (specimen with straight edges, co-cured,

room temperature).
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TABLES
conFiaumaTion | Couree | Copned | Coous | Co s
Straight Edges T% -50C 3 3 2 2
Tapered flange T% -50C 3 3 2 2
Straight Edges T¢ 20C (REF) 3 3 2 2
Thicker flange T2 20C 3 0 0 0
Tapered flange T2 20C 3 3 2 2
Straight Edges T 70C 3 3 0 0
Tapered flange T 70C 3 3 0 0
Straight Edges Ageing T% -50C 2 2 0 0
Tapered flange Ageing T° -50C 2 2 0 0
Straight Edges Ageing T¢ 20C 2 2 0 0
Tapered flange Ageing T° 20C 2 2 0 0
Straight Edges Ageing T° 70C 2 2 0 0
Tapered flange Ageing T¢ 70C 2 2 0 0
Table N°1: Test matrix and number of specimen test ed.
VCCT Cohesive Test mean | Difference

CONFIGURATION (N) (N) (N) (%)

Straight edges (Co-cured) 567 528 525 7%

Tapered flange (Co-cured) 476 503 505 6%

Thicker Flange (co-cured) 517 463 468 9%

Cross-ply interface (co-cured) 706 708 702 1%

Straight edges (Co-bonded) 905 941 4%

Table N°2: Test/computation comparison ( onset of delamination).




