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Abstract

Recent advances in aeronautics and material
science allow for a significant increase in load
capacity; consequently, structural parts are more
stressed than in the past. In most cases, stresses
and strains cannot be determined accurately
enough using conventional closed form engi-
neering formulae. Therefore, even if much more
time-consuming, finite element analysis is used.
Because of a high ratio between panel length and
adhesive thickness, models need a large number
of elements. Thus, computing time can be very
long. The aim of this paper is to present a global-
local approach to reduce this time. First, a global
shell elements model is developed. Second, a lo-
cal solid elements model is generated from the
displacement obtained in the global model. Fi-
nally, global-local FEA enables greater preci-
sion.

1 Introduction

Today’s high-strength and damage-tolerant mate-
rials allow for significant increases in load capa-
city and stress limits in aircraft structures. In stif-
fened panels - the basic building blocks of these
structures - joints between skin and stiffeners will

need to transfer more load. Adhesive bonding
of stiffeners to skins has several advantages over
other joining techniques: no fatigue, potentially
better crack bridging in the presence of serious
damage and in many cases improved buckling
stability. But for heavily loaded components, the
strength of bonded joints is often in question. The
present work is concerned with the stress analy-
sis of adhesively bonded skin-to-stiffener joints
in post-buckling. To this end, a fully non-linear
finite element global-local approach was used.
First, a global shell model was analysed and va-
lidated against an experiment described in the li-
terature. Second, a local model of the attached
flange, the adhesive layer and part of the skin was
developed, using solid elements. The strains and
stresses resolved from the local model were vali-
dated against those observed in the global model
and subsequently served to predict failure of the
adhesive or the adherents, using simple strain-
and stress- based failure criteria from the litera-
ture. This global-local approach could be used
to analyse the strength and damage tolerance of
adhesively bonded panels in post-buckling (par-
tial debonding) and to simulate progressive da-
mage and debonding using more advanced mo-
dels of damage to the adhesive.
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2 Global finite element modelling approach

The global finite element model is based on the
paper of Murphy and al. [1]. It provides recent
computed and experimental results on welded
stiffened panels. These results will be used in
the present paper to validate the global model.
It consists of a single stiffener cripping speci-
men design, with a Z-section longitudinal stif-
fener (7075-T76511) and a flat skin base (2024-
T3). The geometric details are given in figure 1.

Fig. 1 Principle geometric details in millimeters

Panel length is equal to 165.1 mm and adhesive
thickness to 0.2 mm. Murphy and al. model a
welded joint with a skin pad-up under the stif-
fener area. In this paper, to simplify modelling,
the pad-up is not represented. The stiffener is
bonded to the skin. Therefore, the stiffened panel
used in this paper is more flexible. Shell elements
are used to model skin and stiffener. The material
properties of the skin and stiffener are shown in
figure 2. Adhesive modelling is described in the
folowing section.

2.1 Modelling of bonded joints in the global
model

2.1.1 Element types

As Murphy and al. did in [1], Scott and al.
tied skin nodes to the corresponding flange nodes
with all six degrees of freedom being constrained

Fig. 2 Stress-strain graph obtained from
Ramberg-Osgood parameters

with rigid bar elements [2] or with rigid links
elements [1]. In this paper, for an initial ap-
proach, the adhesive is modelled by beam ele-
ments. Beams were found more computationally
efficient than the recently implemented RBE2s
(MSC.Marc 2005), which deal effectively with
rigid body rotations, while giving identical re-
sults (Figure 3).

Fig. 3 Identical out-of-plane displacement after
large displacement analysis of two 10 mm x 10
mm x 0.5 mm plates joined with a 1 mm offset,
using RBE2s (top) or beams (bottom) [3]

2.1.2 Material properties

Properties for FM73 were deduced from shear
data found in the literature [4] [5]. Properties are
obtained at room temperature (Figure 4). First
principles were used to derive tensile stress-strain
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Fig. 4 Shear stress-strain data from literature and
fitted; conservative Ramberg-Osgood curve

data from the fitted shear curve:

ε = cos
γ

2
+ sin

γ

2
−1 (1)

σ = 2τ (2)

E = 2G(1+ν) (3)

where ε is tensile strain, γ shear strain, σ ten-
sile stress; τ shear stress, E Young’s modulus,
G shear modulus and ν Poisson’s ratio (taken as
0.25). The result was verified against a stress-
strain curve found in another publication [6] (Fi-
gure 5).

2.2 Boundary conditions

For the global model, boundary conditions were
chosen so as to simulate an embedded panel,
similar to boundary conditions reported in [1].
The edge at z = 0 mm is embedded and for the
edge at z = 165.1 mm the degrees of freedom
are constrained except for translation along the
z-axis. Link elements are used to centralize reac-
tion forces on one node. This node is connected
with all the nodes of the edge z = 165.1 mm. A
displacement along the z-axis equal to −2 mm is
applied to this node.

Fig. 5 Tensile stress-strain derived from shear
data and verification curve from literature

2.3 Solution strategy

The global model corresponds to the first step of
a global-local analysis. The aim of this study is
to obtain global results and a post file containing
these results. For the post-buckling analysis, the
mesh was perturbed at the first increment using
the first eigenmode, with the deformation am-
plitude at 1/1000 of the bay length between the
frames or ribs. Geometric non-linearity was ac-
tivated but the large strain capability was left de-
activated, because only very small plastic defor-
mation was expected. The solution was achieved
with the arc length method, using the MARC
2005 solver [7] [8].

2.4 Results

Figure 6 presents the deformed shape with dis-
placement along the y-axis. From this study, end-
shortening versus compression load curves can
be plotted. Figure 7 shows curves obtained by
Murphy and al. [1] and that obtained with the
FEA global model. These curves show that the
global model is, as previously supposed, more
flexible than the Murphy and al. model. These
results are coherent and critical load is equal to
60 kN. This model can then be used to introduce
displacement into the local model.
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Fig. 6 Deformed shape with displacement along
the y-axis for the global model

Fig. 7 End-shortening versus compression load
curves given by [1] and global FEA

3 Local stiffener-to-skin joint models

3.1 Element types

8-node brick elements are used to mesh the local
model. Refinement is done near the adhesive area
to be more accurate (Figure 8). Figure 9 presents
the relative positions of the local and the global
models. In order to reduce computing time, 4
small local models are computed along the z-axis.
As shown in figure 10, 3 local models are added
to prevent edge effects. Then with a simple mat-
lab routine which selects only parts far enough
from the edges, the results are deduced all along
the z-axis.

Fig. 8 Local model meshing

Fig. 9 Relative positions of the local and the
global models

Fig. 10 All the local models used to obtain the
results

4



GLOBAL-LOCAL ANALYSIS OF BONDED SKIN-TO-STIFFENER JOINTS IN POST-BUCKLED
PANELS

3.2 Boundary conditions

The local model is the second step in the global-
local analysis. Kinematic boundary conditions
are introduced to the edges from the post file con-
taining the global results [9] [10].

3.3 Solution strategy

Local models are computed as static non-linear
models. Computation substeps correspond to the
increments of the global model. Computation is
stopped at the step corresponding to the failure of
the global model.

3.4 Joint failure criteria for bonded panels

Figure 11 shows the failure modes in adhesively
bonded joints identified by Heslehurst and Hart-
Smith [11]. In this paper, only adhesive failure
modes are considered.

Fig. 11 Failure modes in adhesively bonded
joints identified by Heslehurst and Hart-Smith
[12] [11]

Adhesives are more susceptible to failure due to
tensile strain than pure shear and compression. In
some cases, nonlinear behaviour dominates and
failure strain can exceed 100% [11]. Thus, for the
cohesive failure of ductile adhesives, the maxi-
mum strain criterion is usually applied. It is given
as

εeqv

Seqv
= 1 (4)

where εeqv is the von Mises equivalent strain and
Seqv is the failure strain [11] [13].
Failure of the spew fillet is another case to be con-
sidered for adhesive failure. It is caused by ten-
sile stress [11]. The maximum principal stress

criterion is applied. It is given as

σmax
p

XT
= 1 (5)

where σmax
p is the maximum principal stress and

XT is the tensile strength of bulk adhesive.
Adhesive failure can also be due to bondline
failure [11]. This mechanism is complicated be-
cause decohesion and debonding of the interface
usually occur together. Moreover, the strength
of the adhesive/adherents interface is difficult
to measure. Several engineering failure criteria
have been proposed to combine these two mecha-
nisms. In reference [11], the authors retain the
following criteria which have been used by Tong
and Steven [14]:(

σyy

Fpeel

)2

+
(

τxy

Fshear

)2

+
(

τzy

Fshear

)2

= 1 (6)

(
τxy

Fshear

)2

+
(

τzy

Fshear

)2

= 1 (7)

where σzz, τxz, τyz are the peel and shear stresses
in the adhesive and Fpeel and Fshear are the bond-
line peel and shear strengths. When shear is
dominant, peel stress can be neglected, and the
failure criterion can be written as√

τ2
xy + τ2

zy

Fshear
= 1 (8)

In the same way, when peel is dominant, shear
stresses are excluded, and the failure criterion can
be written as

σyy

Fpeel
= 1 (9)

3.5 Application to the local model

A Matlab routine give results everywhere in the
adhesive. Figure 12 shows displacement along
the y−axis for the critical load. These displace-
ments are concordant with the global model. This
method gives a smooth solution for displacement
along the y−axis.
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Fig. 12 Displacement in the adhesive along the
y−axis for the critical load

3.5.1 Maximum strain criterion

Elastic shear strain limit at room temperature γe
is taken as equal to 0.0804 [15]. Seqv is deduced
by using equation 10, Seqv = 0.07

γe

2
=

Seqv√
3

(10)

Figure 13 shows εeqv/Seqv evaluated on each
node inside the adhesive. The most stressed part,
in line with this criterion, corresponds to the in-
flexion point shown in figure 12.

Fig. 13 εeqv/Seqv in the adhesive for the critical load

3.5.2 Maximum principal stress criterion

The tensile strength of the bulk adhesive is equal
to 60.4 MPa [6]. This is in line with the figure
5. Ignition failure in the spew fillet will appear
on the edge next to the web. Because of the joint

Fig. 14 σmax
p /XT in the adhesive for the critical load

configuration, singular stress/strain fields appear
[11]. Adams Peppiatt states that sharp corners
do not exist in real joints and therefore neither
do stress/strain singularities [16]. It has been
pointed out that reasonable results has been ob-
tained with maximum stress failure criteria when
an averaged value is used. Thus, a way to avoid
singularities is to use the criterion at a given dis-
tance from the singularity point. This distance is
called the characteristic distance [11].

3.5.3 Bondline failure criteria

Bondline peel and shear strength can be ascer-
tained from the above criteria by using the failure
stresses measured in tensile shear experiments
[11]. The bondline shear strength given in Hig-
gins’ paper [17] is reproduced in table 1 and Fpeel
is considered as equal to 60.4 MPa. It gives the

Fpeel (MPa) Fshear (MPa)
60.4 37.2

Table 1 Bondline peel and shear strength at room
temperature [17] [6]

results shown in figure 15. Edges and corners are
more stressed than the rest of the adhesive.

Contrary to the displacement along the y− axis,
there are more discontinuities in figures 13, 14
and 15. This is due to the assembly of the vari-
ous local models. Performing another set of local
models around relevant points would improve ac-
curacy.
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Fig. 15 Criterion n◦3 in the adhesive at critical load

4 Conclusions

A global-local approach to analyse the behaviour
of adhesive has been presented. It enables weak
zones in the adhesive to be defined and checks,
using criteria found in the literature, whether the
bonded joint will resist until the critical load is
reached. This method confirms that edges are
more susceptible to failure due to stress concen-
tration.
Even if the graph representing displacement
along the y− axis does not show any discon-
tinuity because of the assembly of seven local
models, each individual criterion presents some
discontinuity. Therefore, for greater accuracy, it
may be useful to recompute a local model around
the critical area.
This first approach uses beam elements to model
adhesive in the global model. Another way
to tackle the problem is to employ nonlinear
shear and normal springs between nodes to ap-
proximate the inherent flexibility of the bonded
joints. Compared to simulations approximating
the bonded joints with infinite rigidity, the drop
in post-buckling performance is significant, of
the order of 10− 20% depending on the type of
buckling. Deformations in the post-buckled state
are significantly greater. It is therefore of great
importance to incorporate the flexibility of the
adhesive into the global model.
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