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Abstract
The main obstacle of introducing structural bondings in aerospace applications is its damage tolerance behav-
ior as in case of damages a potential crack can grow in an un-controlled manner to a critical size. At Airbus
Helicopters a purely geometrical adaption of a single lap shear bond line was developed which stops a potential
crack-growth effectively and reliably. The main principle is based upon splitting up the bond line along its length
into several sub-bondings. The separation of the individual sub-bondings is achieved by an intermeshing pat-
tern of both ends of the panels (for example a zig-zag-line) which are connected to the splice plate. At this zig-
zag line cracks cannot propagate anymore and thus are stopped effectively. Additional benefit of the inter-
meshing pattern is that the stress peaks are reduced significantly compared to the common constant overlap.
It is demonstrated by analysis and test that the new design principle is limiting crack growth in the bond line
and increases the load transfer capability at the same time.

1. NOTATION
Symbols
F force, N
M (bending) moment, Nm
c tension stress, MPa
T shear stress, MPa
Acronyms:
BVID Barely visible impact damage
CFRP Carbon Fiber Reinforced Plastics
ERF European Rotorcraft Forum

FE Finite Element

FAL Final Assemble Line

FRP Fiber Reinforced Plastics

H/W Hot and wet

LL Limit load

LuFo German “Luftfahrt Forschung” natio-
nal research funding

RTA Room temperature ambient

SLS Single lap shear

UL Ultimate Load
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2. INTRODUCTION

Due to its high requirements with respect to safety
and reliability structural bonding in aerospace appli-
cations faces several challenges in different fields:
Starting with a proper selection of suitable adhesives
with a wide range of environmental conditions and the
complete process adherence including quality con-
trol. But even with respecting all these requirements,
principles, and processes there is still the threat that
in case of imperfections or local damages during op-
eration, cracks in the bond line might occur and prop-
agate undetected to a size which endangers safe op-
eration of the aircraft.

Thus, in order to establish a certifiable structural
bonding in general several criteria have to be fulfilled:
At first a dedicated traceable and reliable, bonding
process needs to be established and followed in order
to be reproducible and exclude the human factor.
Then a thorough quality program needs to be estab-
lished in order to ensure the requested strength of the
bonding. And finally, under any in-service operational
condition an undetected or uncontrolled crack growth
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has to be excluded in a reliable manner which is up
to now the missing key feature in bond-lines for certi-
fication.

This publication focusses on the aspect of the devel-
opment of exactly this key feature in order to establish
the damage-tolerance of the bond line itself. Goal is
to introduce a very simple and effective means to stop
crack growth effectively without compromising the
structural strength of the bonding. This is done based
upon a simple geometric modification of the shape in
the bond line. On top, the principle described here
can be in general transferred to any joining method
based upon positive substance jointing as for exam-
ple brazing, co-bonding of FRP structures, thermo-
plastic welding, film diffusion joining, etc.

All research work presented in this publication was
performed in the frame of the German funded LuFo
research project “JoinDT” in cooperation with industry
and research partners.

3. Basic description of the design principle

3.1. State of the art design principle for single
lap shear joining

The principles of design and analysis especially for
lap shear connections is well known for decades and
is well described and examined, see Ref. 1 and Ref.
2. These descriptions of the general principle for lap-
shear joints are in use for many decades now and are
shown as general design principle in Figure 1 and
Figure 2.

Figure 1: Principle of shear stress distribution in typi-
cal lap-shear joints, Ref. 6.

There is a significant difference between the stresses
shown in the two figures: in Figure 1 the pure shear
stresses resulting from the transfer of the external
force F is shown. As due to the offset of the two sub-
strates a moment is generated in the bonded joint,

additional peel stresses are caused in the bond line
which normally increase the stress peaks at the ex-
tremities of the bond line significantly and lead to a
considerable decrease of the transferable external
force, see Figure 2.

Figure 2: Principle of full stress distribution in a SLS
application considering shear and peel, Ref. 6.

In order to reduce these stress peaks and to increase
the strength of the joint, several ideas emerged in the
past, see Ref. 3, Ref. 4, and Ref. 5 as examples. All
these efforts focused on reducing the stress peaks
only but did not improve the damage tolerance behav-
ior in the bond line itself. As a consequence, in aero-
space applications the authorities always pay special
attention to this type of structural joint.

On top of these examples, there is other work about
influencing the stress-state of structural bondings (as
for example with gradient adhesives) but according to
the knowledge of the authors none of them is focusing
on a full arresting feature in the bond line by a design
feature regardless of stress state or load direction.

3.2. Design principle for a lap shear joint with
damage tolerant characteristic

The most effective strategy to improve the damage-
tolerance behavior of a bond line is to establish relia-
ble features for stopping a potential growing crack in
the adhesive. Examples are given and examined in
Ref. 7. A very reliable means to arrest a crack is a
free edge as by definition all growing cracks stop at a
free edge of a part. Based upon this cognition, for the
newly developed design principle a separation of the
bond line along its running length into a plurality of
simple shaped sub-bonds is proposed. The result of
this is a purely geometrical modification of the con-
stant overlap length along the lap-shear splice joint by
an intermeshing pattern of the panel’s ends, see Fig-
ure 3.



Figure 3: Principle of the sub-division of the bond-line
along its length.

In combination with the splice-plate underneath
(which is a frame or longeron in the real structure),
this intermeshing pattern creates as example a zig-
zag bond line which generates a plurality of separated
sub-bonds. From a global perspective these sub-
bonds act together as one single bond line but trans-
fer the corresponding running load of the complete
bond line individually. In case one sub-bond fails, the
local loads are taken by the adjacent sub-bondings.
In this way the global load transfer is ensured as far
as this scenario is covered by the substantiation of
the bond line (i. e., the failure is simulated and the
additional stresses are taken into account in the siz-
ing).

As stated before, the most important function of the
intermeshing zig-zag-line is to completely separate
the individual (here triangular) sub-bondings. But due
to the shape of the zig-zag pattern the state of stress
is impacted as the fluxes are no longer constant along
the running length in case of an applied tensile load,
see Figure 4.

normal fluxes in the parts close to the end

normal fluxes in the parts close to the end

Figure 4: Stresses / fluxes in the parts in top view.

It becomes clear immediately that the standard equa-
tions from Ref. 1 or Ref. 2 are no longer valid for the
description of the stresses as for example there is no
more constant overlap length along the bond line.
This means that the peel stresses as well as the shear
stresses are varying along the length of the bond line.
In order to ensure that the stresses in the bonding are
kept well below the allowable strength of the adhesive
in shear and peel, detailed examinations of the stress
state have to be performed.

3.3. Geometrical the

stress state

parameters influencing

Basic examinations about how the new pattern influ-
ences the stress-state in general showed that the tri-
angular pattern of the intersection line has the posi-
tive effect on both, peel and shear stress in the adhe-
sive, see Ref. 8. In this previous publication a big
number of influencing geometric parameters on the
sensitive stress state are described in detail. In brief,
it can be stated that the separation of the bond-line
into a pluralty of triangular sub-bondings has a signif-
icant stress reducing effect as the utilization factor of
the adhesive is increased. The stress peaks in shear
and peel are reduced by about 15% — 30% (depend-
ent on the adhesive and some other influencing pa-
rameters such as thickness of the bonding and the
bonded parts).

It was found that compared to the classical lap-shear
joint all stresses are lower by using the new intersec-
tion pattern. In Ref. 8 this general beneficial behavior
is verified by tests for different paste adhesives.

The following figure highlights the reference shape for
all parameter studies carried out on the new design
feature.

Figure 5: Basic geometry of the new bond line pat-
tern: a triangular intermeshing zig-zag line of both
panel ends.

This basic shape is simple to manufacture and offers
to be a reasonable option for the implementation in a



real aircraft panel. As well all examinations in Ref. 8
were based upon this triangular shape of the intersec-
tion line. For the time being it is still not clear if the
triangular shape is the best shape of the intersection
line between the panels. Much more patterns are fea-
sible beyond the ones shown above and have to be
examined with respect to their influence on the stress
state. This is not performed now but will be subject of
future research work. For the time being the triangular
shape is chosen as a reference geometry for the re-
search work shown in this publication.

The stresses in the adhesive are key for the load
transfer and thus they were examined thoroughly. In
Figure 6 the stresses in the adhesive are plotted for
different patterns of the intersection line: At first the
stresses in the adhesive of a triangular patten as ref-
erence geometry, then the same stresses in a sinus-
oidal shape and finally in a trapezoidal shaped inter-
section line. All of these patterns have the same area
as basis for comparison. It can be seen clearly that
the shape has a strong influence and that amongst
the shapes shown in this figure the triangular shape
seems to be the geometry offering the lowest general
stress level amongst these patterns. Note that the
scaling on the plots is set to the identical stress levels.
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Figure 6: Stresses in the adhesive for different
shapes of the bond line.

3.4. Additional parameters influencing the

stress state in the adhesive

As in the common single-lap shear bonded joints
there is a big variety of parameters which have a
partly huge influence on the stress-state in the bond-
ing. These parameters are for example the thickness
of the panels, the adhesive itself of course (mainly its
Young’s modulus or shear modulus), the thickness of
the adhesive, temperature, humidity, and manufac-
turing tolerances. In the first basic examinations, the
majority of these parameters were examined and al-
ready published in Ref. 8. In that publication all pa-
rameter studies were based upon the triangular
shape of the sub-bondings as well. It was found that
most of the manufacturing tolerances had a low sen-
sitivity or — in case there is a big influence — the man-
ufacturing aspect in tendency had a positive impact
on the stresses as the stress peaks were decreased.
As an example: in case adhesive material is pressed
out of the contact areas between the panels and
splice-plate, it accumulates in the free gap formed by
the zig-zag line and the splice plate. And if this gap is
filled with excessive adhesive material accordingly,
the stress peaks go down significantly. This is identi-
cal for excessive adhesive material which is pressed
out at either end of the splice plate during the com-
paction process in manufacturing: the additional ad-
hesive offers additional cross-section for load transfer
and moreover reduces the local stress peaks due to
a reduction of the notch effect (see for example Fig-
ure 6).

During the numerical examinations it turned out that
if the nominal theoretical geometry (without manufac-
turing tolerances, precise conditions and no stress re-
ducing effects like excessive adhesive which is
pressed put anywhere is taken as basis for the stress
calculations, this is the worst case condition covering
the others scenarios with manufacturing tolerances.

4. Detailed FE-calculations
4.1. Scope

In order to support a future certification of a joint using
the new design principle a reliable data basis about
the stress state in a bond line with the new design
principle has to be generated. This was performed
based upon dedicated FE-studies in the frame of the
research project. In co-operation with specialized re-
search partners and institutes at universities dedi-
cated high-fidelity models of the new design principle
were established. These were calibrated with



measured material data from coupon tests in order to
get a deeper insight into the stress state including the
effect of an impact damage. Additional goals were to
evaluate the functionality of the elaborated design
principle with respect to:

1) examine if possible cracks stay in the adhe-
sive and do not grow into the substrate at any
time,

2) evaluate residual strength of the bond line
under the assumption of an artificial damage
in the area of the bond line (BVID or local dis-
bond),

3) predict the direction and speed of the crack
growth within one triangular sub-bonding and
to compare it to a common configuration.

4.2. Calibration of the high-fidelity models

A big variety of calculations was performed during the
research work and on top a set of different FE -mod-
els were established in order to examine specific ef-
fects. All models have been “calibrated” in order to
show the best fit between the simulations and the
coupon tests (see paragraph 5.2). For this the config-
uration of the test was re-built in an FE-model and the
parameters of the adhesive as well as its interface to
the joined components were tuned in order to achieve
the best fit of the measured strain-displacement
curve, see Figure 7.
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Figure 7: Example for the calibration of the FE-mod-
els to fit the strain-force curves of the samples. The
red parameter set was chosen finally.

In this figure, as example, the adaption for one sam-
ple type is shown where for one stacking sequence of
the panels several ABAQUS-parameters were
adapted and different adhesive thicknesses were
checked. The set of parameters shown in the red

curves were chosen finally as they showed the best
overall fit between test and FE-model.

In order to increase precision, the models for the com-
mon rectangular shape and for the new triangular
shape were calibrated separately. In this framework
several publications about the description and cali-
bration of the FE-models used for the examinations
work were published (Ref. 9, 10, 11). They have to be
consulted for details as the publication at hand focus-
ses on the application of the new bonding principle.

4.3. Examination of the crack growth

Although the basic idea of the new bond line design
is to stop a possible crack growth at the limits of one
sub-bonding completely, a study was carried out re-
garding the crack propagation within one sub-bond-
ing. The main reason was to learn about the velocity
of crack propagation in comparison to a classical
bond-line as the stress-state is significantly different,
see previous paragraphs.

The detailed analyses presented here are based
upon a dedicated FE-based crack propagation model
using cohesive-zone elements. One limit is that the
set-up of the model does not allow to predict the num-
ber of cycles required till crack initiation. Thus, at the
beginning of the computation the initiating crack posi-
tion is to be chosen artificially and then the real crack
propagation starts. The location of the crack initiation
was done by selecting the spot with the highest peak
stress in the adhesive in a simple static analysis.

On top, the crack propagation model calculates the
static damage according to the traction-separation-
law and thus at the end of the simulation the sample
fails suddenly by exceeding the remaining static
strength of the adhesive. The material data used for
the adhesive for the Paris-law of the accumulated
damage were calibrated to match the results from the
fatigue tests carried out on coupon level, see para-
graph 5.2.

In a first loop, the numerical module calculates the
crack propagation in one isolated strip of the com-
plete bond-line representing the width of one triangu-
lar element, see Figure 8. Red areas in the figure
highlight the complete loss of adhesive strength (ad-
hesive failure).
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Propagation of the crack when
exceeding a static damage level
Figure 8: Simulation of crack propagation in one tri-
angular element: definition of the initial crack (left)
and typical crack propagation (right).

Definition of the initial cracks

In the simulations on this level, three spots for crack
initiation were chosen at the same time as at all of
these locations the stresses were on identical level
due to the symmetry of the model. So, each tip of the
triangle is prone for crack initiation. With increasing
cycles, the cracks are propagating with increasing
speed as the remaining functional area of the adhe-
sive is decreasing with crack propagation. The figure
below shows the time history of the crack growth: the
red and green line show the mean position of the
crack at a propagation from either side of the joint.
The blue dots in the graph on the righthand side of
Figure 9 depict the full propagation of the crack tip
until failure which is around 250°000 cycles after initi-
ation. Then the sub-bonding fails completely consid-
ering a constant load level acting on the adhesive.
This is not valid in a practical application as the global
loading is shared by the remaining sub-bondings
which are still completely intact. Thus, in reality the
crack growth would happen with lower speed.

——

b

Figure 9: Crack length over cycles. Red area repre-
sents a failed adhesive, blue represents intact bond-

ing.

Having verified the crack propagation on the level of
an isolated triangular element, a bigger model was
put together by joining 5 triangular sub-bondings to a
wider specimen. This is to simulate the crack propa-
gation considering a load share between several tri-
angular elements. It is important to emphasize that
the crack in the triangular specimen stops at the limit

of one triangle whereas in the regular bond line the
crack grows without being stopped. In Figure 10 for
one of the adhesive materials a comparison of the
crack propagation is shown: The yellow triangle which
is limited by the red line represents a crack in a regu-
lar wide single lap shear configuration where an arti-
ficial crack growth in the adhesive is initiated in the
area of the gap between both panels (or around the
middle of the splice plates respectively).
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Figure 10: Crack propagation in different configura-
tions of a wide specimen configurations: wide trian-
gle, wide regular with different damage locations.

The crack grows quickly along the running length of
the lap joint and fails in this simulation at about 2000
cycles. In case the crack is initiating at the outer ends
of the splice-plate, the crack growth is much slower
and fails around 70’000 cycles in case the same load
level is applied. In contrast, the specimen consisting
of 5 triangular sub-elements (dark blue curve) lasts
about 85000 cycles until the damaged triangle is lost
completely. Then the crack stops by definition at the
extremes of the triangle. In the simulations the crack
is arrested afterwards as there is no contact between
the triangles. But there is still no complete failure of
the joint (as it was calculated in the regular configura-
tion) because the remaining triangle are still capable
to transfer the applied load. So, at 85°000 cycles the
crack is stopped but the specimen is globally intact.

Even in case the simulations consider the gap is filled
with adhesive completely, the calculations showed
that the crack does not propagate into the adjacent
un-damaged triangles. This is a good indication for
the robustness of the new principle as even in case
the sub-bondings are connected by adhesive (as it
would be in a real manufactured joint), the crack
growth would be stopped according to the models.

Main result of the numerical simulations is that the ve-
locity of crack propagation is significantly lower than
in a classical bond line and stops before the complete



failure. This is an additional beneficial behavior of the
new principle: in case cracks are occurring in the
bond, the propagation is much slower than in classi-
cal bonds. This means that the time required to dis-
rupt the complete load transfer on one sub-bonding is
up to 40 times longer than in a bond without this fea-
ture (dependent on the adhesive of course).

4.4. Determination of strength and deformation

The derived calibrated FE-models were used for sev-
eral purposes:

- Verify the results generated based upon the
comparatively coarse engineering FE-mod-
els.

- Verify that all local effects are addressed in
the simplified models.

- Predict the effect of several parameters such
as manufacturing tolerances, impact dam-
age, and residual strength.

- Support the evaluation of the tests on coupon
and detail level with respect to the local ef-
fects initiating the failure of the joint.

With these models a very precise description of the
expected failure load for different configurations was
possible. In addition, already known principal effects
such like the positive effect of a 45° orientation of the
CFRP layer at the interface to the adhesive could be
verified, see Figure 11.
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Figure 11: prediction of different configurations: rec-
tangular and triangular with different orientation of the
layer at the interface to the adhesive.

An important step was to verify the increased load
transfer capability of the new principle. One of these
effects is the significantly decreased out-of-plane

deformation of the triangular shape as with increased
overlap length the detrimental peel stresses in the ad-
hesive are reduced significantly. This is shown in Fig-
ure 12 where the out-of-plane deformation under ten-
sion load is given: The blue and green dots show this
elastic movement for two different lay-ups for the
common shape whilst the orange and red dots show
this for the new triangular shape at the same load. An
important detail can be seen as well: in the common
rectangular shape a certain-dis-continuity of the out-
of-plane movement can be seen just in the middle of
the joint (at the gap location). This indicates singular-
ities in peel stress. Comparing this to the much
smoother and lower displacement curve of the trian-
gular specimen, it can be concluded that the peel
stresses are significantly lower and spread to a wider
area in the specimen with triangular bonding.

0.5

+ +
7 &
- -
E o4 ¢ %
4 ff + +
. + +
£ g+ rt
~ + + +
S ~ s ko
E \+ ++++
] 4 -
g 03 Py Al
] F+ +*
o +4 ++
A +4 ++
a +4 A
o 0.24 i+ +h
c e +h
o ++ o ++
& by il Hh
] o e 4 T
0.1- Fuly ~13 i
5 U + 4 e tjm
o § e,
. + 3
it g
0.0 - T T T T T

Position

+ Rectangle -45/45° Interface
Triangle -45/45° Interface

+ Rectangle 0/90° Interface

+ Triangle 0/90° Interface

Figure 12: prediction of the out-of-plane displacement
of a common rectangular configuration and the new
triangular shape.

Finally, the high-fidelity models gave high confidence
during the research work that all influencing parame-
ters on the strength and failure behavior of the new
principle have been understood. With this a reliable
basis is given for a simplified, enveloping sizing and
substantiation method which is conservative and
does not require the use of the high-fidelity models
any more (see chapter 6).

5. Test campaign
5.1. Test strategy

One of the main goals of the research work was to
establish a basis for the certification of damage toler-
ant structural bondings in aerospace applications.
The certification aspect implies that besides thorough
theoretical assessments (see previous chapters) the



principle has to be validated by test. As a completely
new design principle was defined, the test campaign
started at the bottom end of the test pyramid: tests on
coupon level in order to characterize the basic func-
tional principle and then on detail level for the verifi-
cation of the mechanism for damage tolerance in a
realistic panel.

5.2. Tests on coupon level

On this level two different main questions were an-
swered: At first to verify the positive impact of the tri-
angular shape on the stress state in the connection
and second to characterize different adhesives, lay-
ups, conditions, and impact of typical damages on the
static and fatigue strength of the new bond line de-
sign. As secondary effect, the test results can be used
to calibrate the numerical results (see chapter 4) in
order to increase precision of the calculations.

The specimen on coupon level were single lap-shear
joints. Two substrates made of 5 plies of bi-directional
CFRP fabric were bonded to an aluminum strap. The
overlap length is 20 mm, the width is 23 mm in order
to accommodate one complete triangle in width, see
Figure 13 lower area. As reference configuration a
common lap shear joint with rectangular shape was
tested as well, see Figure 13 middle area.
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Figure 13: Single lap shear specimen for the coupon
test campaign. Upper: cross-section with applied
load. Middle: rectangular specimen as reference.
Lower: triangular shape with identical bonding sur-
face.

All coupons were loaded in pure tension till rupture.
The areas of the bonding for both types of specimen
were identical so that the nominal shear stress (force
divided by area) can be compared without any size
effect.

As the campaign on coupon level was already subject
of a previous publication (see Ref. 8), only the main
results are summarized here. Figure 14Figure 12
shows the impact of the new triangular intersection
line on the strength of the bonding. For three different
adhesives (Scotch-Weld 9323 B/A (orange), Hysol
EA 9395 A/B (blue), and Aeropaste 1006 (yellow))
static strength tests were carried out. The only differ-
ence in the tests is the shape while the bonding sur-
face area of both configurations was of identical size
in order to be comparable. The figure highlights that
the strength of the new intermeshing pattern in-
creases strength between 12% and 30% dependent
on the used adhesive. This is in line with the result of
the numerical examinations which showed a de-
creased stress level in the adhesive with the new tri-
angular pattern (see paragraphs 3.3 or 4.4 and espe-
cially Figure 11). It becomes obvious that the strength
increase is caused by the new triangular pattern but
is influenced by the type of adhesive.

JoinDT Element-Tests
Comparison rectangular and triangular bonding area

Lap Shear Force F [N]

Figure 14: Overview of the static strength increase of
the new pattern for different adhesives. Left side:
strength for typical straight intersection line. Right
side: strength for the new triangular pattern.

The influence of the environmental conditions is
shown in Figure 15. On the left side the strength at
room temperature and ambient conditions is shown
and on the right hand side the influence of a hot and
wet environment: Dependent on the type of adhesive
the environmental effect is significant and needs to be
considered in the sizing and substantiation. This is an
effect which is independent of the shape of the bond
line but a pure characteristic property of the adhesive
itself.
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Figure 15: Influence of different environmental condi-
tions on three different adhesives. Left side: room
temperature and ambient condition. Right side: Aged
specimen in hot / wet environment.

Another study on coupon level was performed to ex-
amine the effect of certain defects in the bond line.
Different tests have been carried out in order to study
different types of damages compared to a non-dam-
aged specimen on the new triangular configuration,
see Figure 16. The pristine baseline configuration is
shown on the left side in this figure. The second set
of columns shows the specimen’s strength with a typ-
ical impact damage put on the triangle (BVID, similar
to the ones on detail level, paragraph 5.3). It becomes
visible that dependent on the adhesive there is a dra-
matic drop of the strength after impact (Hysol EA
9395 A/B) while for the others there is very limited
sensitivity (Scotch-Weld 9323 B/A and Aeropaste
1006).

Lap Shear Force F [N]

Figure 16: Influence of typical damages (BVID and lo-
cal dis-bond) on the static strength of the new princi-
ple for three different adhesives

Considering a local dis-bond at the tip of a triangle
shows a low impact on strength as depicted on the
righthand side in this figure: when a thin Teflon-foil
was introduced at the tip of the triangle which covers
about 30% of the overlap length of the triangle, there
is a very limited drop in. This is independent on the
type of adhesive. This behavior is similar as in the
simulations where the stress increase was very low
due to the locally removed adhesive.

Result of the coupon tests: In summary the coupon
results showed very encouraging results. In compari-
son to the standard shape the increased strength was
confirmed and an in-sensitivity to damages is notice-
able. The impact of environmental conditions is re-
lated to the adhesive only and is not dependent on
the shape at it is a pure material parameter.

Allin all, the coupon tests showed a superior behavior
of the triangular shape compared to the common rec-
tangular shape and no indication for a detrimental be-
havior was found.

5.3. Tests on detail level

The main goal of the tests carried out on detail level
was to prove the principle of damage tolerance in
case of a partially failed bond line for any reason (lo-
cal dis-bond, BVID, crack, etc). As in a real panel the
loads are running loads which are shared by all trian-
gular sub-bondings equally. In this configuration the
individual sub-bondings are not loaded in a force-
driven manner separately but they act as one com-
plete junction where the individual sub-bondings are
rather loaded in a displacement-controlled way be-
cause the global stiffness is limiting the displacement
in case there is one “failed” triangle.

In order to have a good transferability to a real bonded
panel in an aircraft, the typical lay-up in a typical con-
figuration used at Airbus Helicopters was chosen as
baseline: a sandwich panel with 3 woven CFRP fabric
plies outer skin and 2 plies inner skin, getting together
to 5 plies in the monolithic area of the bonding joint.
The chosen size of the panel incorporates a “big num-
ber” of triangular elements, so that in case of a failed
sub-bonding “many” remaining triangular elements
are left in order to take the loads of the failed bonding,
see as well chapter 6 for details. Based upon this the
configuration as presented in Figure 17 was chosen:
Test specimens with respectively two ca. 500 x 500
mm sandwich panels joined together in the middle by
a zig-zag intermeshing line on a center frame flange
acting as splice plate.

Two separate test campaigns were carried out during
the research project: Pure tension of the two joined
panels, to see in the upper part of Figure 17 and com-
bined shear/bending caused by a lateral load, to see
in the lower part of Figure 17.
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Figure 17: Principal arrangement of the two panels for
the tensional tests (upper) and bending/shear tests
(lower).

Tension tests: performed in order to characterize the
tension strength of the chosen panel / frame configu-
ration:

1) Specimen 1, having a BVID on one triangle
to investigate possible crack propagation.
First tested statically to LL and UL, then
tested in a second step under cyclic loading
with 0.7 x LL at R = 0.1 for 105 cycles. After-
wards again loaded statically to UL and then
to rupture in order to show residual strength
with impact damage after cyclic loading.

2) Specimen 2, having one triangular sub-bond-
ing removed from the bond line (“artificial
damage”) in order to simulate one failed sub-
bonding. Also tested first statically to LL and
UL, then under cyclic loading with 0.7 x LL at
R = 0.1 for 10% cycles. Afterwards again
loaded statically to UL and then to rupture in
order to show residual strength with impact
damage after cyclic loading.

3) Specimen 3, having two additional triangular

elements adjacent to the first one removed in
order to simulate that a damage might have
destroyed several adjacent triangles.
In further steps, and always after UL applied
statically, more and more triangular elements
were removed out of the load path until final
failure of the specimen.

Limit load (LL) was here defined as the loading where
the outer sandwich skin of the panel under the chosen
condition reaches a value of 3000 pstrain, at Airbus
Helicopters a standard sizing principle for a damage
tolerant CFRP structure (UL = LL x 1.5).

Combined shear/bending tests: in a more complex
loading condition the bonded joint was characterized
under static loading as well in the same way as the
tension specimens:

4) Specimen 4, having a BVID on one triangle.
First tested statically to rupture in order to
identify max. load capability under this load-
ing condition.

5) Specimen 5, having one triangular sub-bond-
ing removed from the bond line (“artificial
damage”) in order to simulate one failed sub-
bonding. Also tested first statically to LL, then
under cyclic loading with 0.7 x LL at R = 0.1
for 105 cycles. Afterwards loaded statically to
UL and finally to rupture.

6) Specimen 6, having two additional triangular

elements adjacent to the first one removed in
order to simulate that a damage might have
destroyed several adjacent triangles.
In further steps, and always after UL applied
statically, more and more triangular elements
were removed out of the load path until final
failure of the specimen.

The last configuration (6) was tested in static loading
conditions only as this is a very severe configuration
which represents a situation where for example a
damage after cyclic loading would have destroyed
more than one sub-bonding or where a crack theoret-
ically grew over the limits of one triangle (which is not
possible based upon the current knowledge of the
new principle). This procedure saves time as the re-
sult of the crack growth is simulated (=failed sub-
bonding).

In Figure 18 the impact damage is shown which was
applied on one of the triangular sub-bondings. As
there is an aluminum frame flange underneath, the
impact energy caused a significant remaining defor-
mation on the surface.



Figure 18: impact damage on one triangular sub-
bonding. The remaining damage is clearly visible.

An impression of the artificial damage in a bond-line
is given in Figure 19. The red lines show the position
of the cut line for the “removal” of one triangular ele-
ment from the bond line, the white line in between de-
picts the through-thickness cut at the foot of a trian-
gle. At this line this sub-bonding is set to in-active by
complete separation from the load path.

Figure 19: artificial damage introduced on the bond-
line: through-thickness cut in the panel in order to re-
move one triangle from the load path. The white line
represents the cut.

In a late phase of detail testing (step 6 in the test se-
guence listed above) several elements were removed
by extending the cut line triangle by triangle.

Important note: The assumption that a crack is grow-
ing from the BVID or artificial damage and enters into
the next triangles is purely theoretical as this was not
observed during the test campaign. This was a con-
servative assessment only in order to test an ex-
tremely worst-case condition where a damage ex-
tends for a theoretical reason to a growing number of
triangles.

5.4. Results of the element tests

Tension tests: The specimens loaded in tension
showed no sensitivity to the fatigue cyclic loading or
to any of the damages introduced to the bond line
(BVID or removed triangle). In both cases (No. 1 &2)
UL level was applied to the specimen after being
loaded in fatigue. After the application of UL both
specimens reached the identical failure load which
was about 9% higher than UL. Both specimens
showed the identical failure mode which is shown in
Figure 20.

Ultrasonic inspections of the bond line were per-
formed before and after the application of the cyclic
loads and did not indicate any crack growth or degra-
dation of the bond line, in special not tin the area of
the BVID or in the vicinity of the cut triangle.

Figure 20: tensional loaded panel after rupture

The final rupture of the specimen’s bond line was
caused by cohesive failure of a fraction of the bond
line as a sudden failure. This then led to a rupture next
to the bond line in the panel laminate. Thus, the limit
in strength is caused by the strength of the adhesive
itself which is the design point.

Tests in combined bending/shear: The specimen
in these tests had a more complex loading condition
as in-plane-bending and shear are put in superposi-
tion. This causes on the compression side an elastic
out-of-plane movement of the panel which was con-
sidered to be significant. This out-of-plane movement
is caused by the offset in the neutral fiber of the hon-
eycomb panel under compression and was not explic-
itly looked at in the analyses. During conduction of the
first test, it was recognized and taken into account ac-
cordingly. As this secondary elastic movement is
highest in the monolithic area of the panels close to
the vertical zig-zag line, it was difficult to rate the im-
pact on the local bonding strength. Reason is that the



computational models did not take this non-linear ef-
fect into account and as consequence the additional
peel introduced in the bond line locally was not taken
into account. It is to be noted that the sensitivity of lap-
shear joints to out-of-plane stresses is known to be
significant.

Both tested panels showed the same failure mode as
it is shown in Figure 21: The panel on the load intro-
duction side separated completely from the surround-
ing framework with the observation of a primarily co-
hesive failure at the triangular bondings. Noticeable
was an additional diagonal crack on this panel (shown
in the lower left corner in Figure 21) but it was not
possible to detect if this crack was the initiation of the
complete failure or if the failure at the bond line
caused this damage. Further examinations have to be
carried out.

Figure 21) in accordance with the test sequence de-
scribed above.

Last step was to test the robustness of the junction
(test sequence No. 6 in the description above). Alt-
hough a propagation of a damage or crack was never
observed in any of the tests and neither found in the
simulations, several triangles were removed step by
step during the tests. With each additional removed
triangle the specimen was loaded up to UL. After the
stepwise removal of 14 adjacent triangles the speci-
men failed as shown in Figure 22. The green bracket
in this picture highlights the area of the cut triangular
sub-bondings. Note that almost one third of the com-
plete bond line had to be removed before the connec-
tion failed. This demonstrates an extreme robustness
not only at tension but at this loading condition as
well.

]

Figure 21: panel loaded in shear/bending after rup-
ture. Load application on left side in downward direc-
tion.

The first sample with pure BVID impact damage (test
sequence No. 4 in the listing above) was tested to a
load level until failure in order to determine the rupture
strength including the unknown peel stresses which
were described above. Based upon these corrected
panel strains a lower load level had to be defined as
LL and taken as basis for the 0.7 * LL for the cyclic
test of the second specimen.

In these tests as well, the bond-line was subjected to
ultrasonic inspection before and after the application
of the cyclic loads and no indication was found for any
degradation or crack propagation. After the cyclic
tests the specimen was tested up to rupture (see

Figure 22: panel with several adjacent sub-bondings
cut (green area). Status shown after rupture in bend-
ing/shear load application above UL.

As the broken panel looks slightly different compared
to the previous ones (mainly the secondary crack de-
scribed above) a direct comparison of the failure
mode to the one under tension is difficult. According
to the indications after dis-assembly it can be stated
that the failure in the bonding was mainly cohesive
failure again.

In both configurations, pure tension and combined
bending/shear, taking into account the differences be-
tween the specimen (BVID versus removed sub-
bonding) it can be stated that the load transfer princi-
ple is very robust and one “failed” triangle does not
impact the strength of the bond line significantly. As a
consequence, in a real bonded structure an un-de-
tected damage can be accepted without special con-
sideration in the substantiation in case a sufficient
number of triangles is put in place.



6. Preliminary design principle and sizing rule

According to the detailed FE-examinations and the
matching test results it can be stated that the new de-
sign principle is enveloped by the well-established
equations for common lap-shear joints. This simplifies
the substantiation significantly because no optimiza-
tion is to be performed for the new principle. In con-
sequence the margins of the bonding will be higher
than calculated based upon the common lap-shear al-
lowables. Anyway, several general rules have to be
respected in order to be covered by the examinations
performed till now.

First step is to ensure that the design principle is
properly applied from a geometric point of view. Then
a reasonable geometry (triangular shape) with rea-
sonable size has to be chosen. As the research work
focused on a triangular shape of the intersection line,
no scaling factors for other geometrical shapes are
available at the time and in consequence a similar
pattern should be used for practical use unless more
geometries are examined.

Intentionally the basic geometric data chosen for the
simulations and tests were based upon the typical
frame to skin joints used in the Airbus Helicopter fleet:
The width of the frame flange was taken over from the
areas where two panels have to be joined together at
this frame position. With this the manufacturing and
assembly tolerances of the related panels and frame
position are already verified. A reasonable pattern is
found by the definition of the simplest shape of the
individual sub-bondings: An isosceles triangle which
is intermeshing from both panel sides. With this de-
sign rule a reasonable size and shape of the inter-
meshing pattern is given as starting point and shall be
taken as basis for the sizing and substantiation of the
bond line.

The strategy in developing a practical sizing rule for
the new type of structural bonding is not to establish
an extremely detailed level of calculations as for ex-
ample described in the previous paragraphs. Exces-
sively detailed calculations based upon fine meshed
FE-models would be expensive and time consuming
and hinder the use of the design principle in possible
fields of application.

Thus, an extremely simple approach was made: As a
general goal in aerospace applications the weak point
in joining structural elements should never be the joint
itself but the surrounding area of joining parts. So, the

strategy is to take the sizing criterion of the panels
(nowadays made out of CFRP) which is based upon
a strain-criterion in order to show no-growth of BVIDs
in CFRP under the repeated loads.

Driven by the static needs in a typical frame-to-skin
joint and related manufacturing limitations, structural
bondings can normally transfer very high static loads.
The tests performed showed that the forces occurring
in real structures will never reach the static limit of the
joint in practical application. As highlighted above, all
examinations proved that the transferrable load in the
new design is higher compared to a classical design
and so it is conservative to use the standard equa-
tions for bonded joints as described in Ref. 1 and Ref.
2. In case this approach is too conservative, a simple
scaling factor can be used in order to get closer to the
real strength of the joint if required.

As demonstrated and thus per design principle a po-
tential crack cannot grow bigger than the size of one
triangular sub-bonding. Therefore, a crack propaga-
tion analysis is not required: The sizing of the bond
line is done by considering that two or three adjacent
sub-bondings can fail without significant impact on
the structural strength of the entire joint. For this in a
first step the bonding is considered as continuous
bond line in order to identify the locations with the
highest stresses in the bond line. At this location two
or three sub-bondings have to be removed from the
bond-line and with this configuration the bonding is
sized again using the common equations for regular
SLS bondings. Possibly the overlap length has to be
increased locally or the size of the sub-bondings has
to be decreased in order to reduce the local effect of
the failed sub-bondings.

Fatigue calculations are not necessary as there is no
benefit to know how many cycles a possible crack
needs to propagate till the borders of the sub-bonding
because in theory this part (or two) was already con-
sidered as “removed” or “failed” respectively (which is
conservative). As the crack is stopped effectively the
crack doesn’t start in the adjacent un-damaged sub-
bondings and thus fatigue is basically covered by the
initial static sizing implicitly.

This substantiation strategy is similar to the sizing phi-
losophy of bolted joints in fatigue sensitive applica-
tions. In this case, it is assumed that one (or two) fas-
teners can fail and with the remaining intact fasteners
the connection can still transfer LL. Now in an



analogous strategy one sub-bonding is considered as
discrete (fastener) element which transfers a fraction
of the total load similar to one fastener.

Figure 23 gives an impression of the similarity when
comparing it on global bond line level: The black
points indicate typical positions of fastener positions
in case two panels are riveted together in a staggered
manner. The triangles are representing the same
staggered configuration but are simply replacing fas-
teners by sub-bondings.

The fact that bolted joints are also sized for inter-rivet
buckling of the sheet can be neglected here com-
pletely. This means that actually one failure mode
less needs to be addressed and thus less sub-bond-
ings may become necessary than fasteners originally.

- A /
h'd h'd

A B

Figure 23: Top view of an intermeshing bond line pat-
tern. The width of the triangular sub-bondings is dif-
ferent in area A and B and the points represent bolt
positions in case of a bolted joint connection (as anal-

ogy).

Currently the substantiation principle for bolted joints
is to remove one bolt for proving fail-safe behavior or
damage tolerance respectively. This is shown by the
bolt marked with a red cross in Figure 23. In case of
a bond-line the load transfer is impacted locally in
case one triangular sub-bonding has failed (blue tri-
angle in this figure). In both cases, a row of fasteners
and the plurality of sub-bondings, the adjacent ele-
ments have to take the load from the failed item and
in both cases the local flaw which caused the failure
cannot propagate to the next joining element. So the
behavior between both joining principles can be con-
sidered as being similar in this aspect.

On top, in case the sizing process described above
unveils a high sensitivity when removing one or two
triangles, the size or density of the triangular sub-
bondings can be adapted as shown in Figure 23: In
areas of low failure sensitivity (zone A in this figure)

the size of the triangles is bigger than in areas with
high failure sensitivity (zone B). This is analogous to
introducing more fasteners per length in a bolted joint
connection.

7. Current status and future work

All results generated during this research support the
functionality of the principle to effectively stop a pos-
sible crack growth in a bond line by the separation
into multiple sub-bondings. In the numerical examina-
tions as well as in tests no indication was found that
the developed design principle with intermeshing zig-
zag line of the joined panels is not working effectively
and at least covered by the classical lap-shear joint
principle.

The tests performed during the test campaign re-
vealed that the standard adhesives Scotch-Weld
9323 B/A and Hysol EA 9395 A/B are not applicable
in a real application. For the time being the most
promising adhesive is the AeroPaste 1006 adhesive
which is currently in qualification at Airbus.

For sure, a suitable adhesive is key for a successful
implementation of the new design principle but in fact,
the basic design principle described in this publication
is not dependent on the type of adhesive or even if it
is a bond line because this principle can be trans-
ferred identically e. g. to welding of thermoplastic pan-
els.

The key question and starting point of all work is the
behavior under repeated loads and if or how possible
imperfections lead to cracks and propagate through
the bonding and finally lead to a failure of the com-
plete junction. During the research project the behav-
ior under cyclic loads was examined based upon
coupon and detail test as and accompanied by high-
fidelity FE-examinations. All results showed that the
new design principle is in-sensitive to repeated loads
and arrested growth can be shown in a basic level.
As for time constraint reasons only, a few tests were
performed on detail level with repeated loads and
simplifications were introduced in the detail tests, a
full demonstration of arrested growth for the Aero-
paste 1006 under shear and tension load is to be
demonstrated in future.

First studies about weight and manufacturing cost of
this type of bond line is extremely promising as re-
lated to a running length of the bond line itself the cost
can be reduced by 30% and the weight up to even
50% compared to a classical bolted joint connection



especially when countersink fasteners are used. The
main driving parameters for the weight saving are two
aspects: At first that for countersunk rivets the thick-
ness of the panels needs to be increased locally in
order to have a flush outer surface. Second is that due
to the continuous load transfer (instead of the discrete
one in case of rivets) the width of the frame flange can
be reduced significantly as no edge distances have to
be kept.

Additional advantages are that in the FAL no drilling
operations with creation of chips are to be performed,
that a possible repair, should it be necessary, can be
performed by introducing a small bolt with protruding
head, and no notch factors create weak points on
frame’s flanges which are normally acting as splice
plate in this type of joints.

In summary it can be stated that the principle of the
sub-division of the bond-line along its length is a very
promising means to join panels in a damage tolerant
manner. It offers the potential to be certifiable as with
the separation into sub-bondings a possible crack
cannot grow bigger than a certain size and is arrested
in its growth reliably at the intersection line.

Future work has to be performed in order to have the
full visibility of all influencing parameters in detail and
to find the best pattern or shape respectively for a
stress-optimized load transfer. Beyond the shapes
given in this presentation other very promising
shapes are under examination. In addition, the be-
havior under high-speed impact has to be examined
in order to characterize this type of boding for crash-
zones. Practical efforts have to be made in order to
implement the design into a serial product in industrial
size and environment.

8. Conclusions

1) Based upon a purely geometrical principle of
splitting-up a bond-line along its running length,
a simple and effective damage tolerant design
principle was established: an intermeshing pat-
tern which stops possible crack-growth in the
bond line effectively.

2) As secondary but very beneficial effect the new
pattern decreases the complete stress level in
the bond line significantly (in both, shear and
peel).

3) The basic principle was proven to work based
upon thorough finite-element analyses and tests.

4) Tests were carried out on coupon and detail level
in static and under repeated loads and proved
the functionality of the developed principle.

5) With a simulated damage consisting of a com-
plete missing triangle (=one failed sub-bond) the
damage did not start to grow in the adjacent tri-
angles and thus no-growth beyond one triangle
is shown by test.

6) Even with several failed sub-bondings (i. e. re-
moval of triangular sub-bondings) the specimen
was able to transfer LL without failure. Up to a
certain level even UL was reached.

7) Afirst conservative design and sizing rule for this
new design principle is established.

8) The principle to generate damage tolerance can
be transferred to any other positive substance
jointing principle (p. e. thermoplast weding).
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