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ABSTRACT

During the normal aircraft operation, some structural damages might occur due to, for example, bird strike or
fatigue cracks. In order to keep the aircraft airworthiness, these damages could be repaired by bonded or
fastened patches setting a new load path relieving the damaged structure. Bonded patches presents some
advantages when compared with fastened ones, featuring better fatigue endurance and better finishing. The
present work presents a study of advantages of bonded repair when compared to fastened repair, using a finite
element analysis in order to model both type of structural repair. Thus, it is showed the repaired structure load
redistribution, as well as, the nearby damage stress field modifications. Besides, the bonded repair is evaluated
by a specific software for bonded join analysis (SAJ) developed by Aeronautical Structural Group of Sao Carlos
Engineering School.

INTRODUCTION

In normal aircraft operations are not unusual find cracks in the aircraft structure, due to any incident or
structural fatigue. In order to keep the aircraft airworthiness, these damages must be repaired, replacing the
damaged part. Nevertheless, sometimes, it is not possible to remove the damaged part and a patch is used in
order to set a new load path, decreasing the stresses in the crack tip, but increasing the structural weight.
However, a lighter repair can be achieving by patches manufactured with composite materials.

One way to assembly these structural repair consist on using bonded joints which shows some advantages like a
better fatigue endurance, joining dissimilar materials, better insulation, smooth surface and lighter weight.
Nevertheless, there is no possibility to disassembly the joints. In order to minimize peeling stress should, the
preparation of the surfaces, that will be bonded, must be done carefully to receive the adhesive, which may be
degraded by the environment (Mortensen [1]). On the other side, the fastened joints could be disassembled,
there are no special needs of superficial preparation which allow performing these repair in any maintenance
center. However, the structural weight can increase due to fasteners and there are more stress concentration
points due the holes.

Once crack is detected and it is not suitable to replace the part, the crack can be removed by cutting the crack
region, smoothing the edges and reducing the stress concentration in the crack tip. After this operation, the part
can be repaired using fastened or bonded patch.
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Many researches have been carried out about bonded joints, trying to predict the behavior, failure, and the
strength of bonded joints using finite element models, analytical models or experimental tests. Thomsen [2]
showed that the multi-directional adhesive state of stress could be related to a unidirectional state of stress
through a function similar that presented by von Mises. Mortensen [1], in his PhD thesis, presented a
development of a computational tool for analysis of bonded joints showing the equations and hypothesis for
various types of bonded joints, as well as, the solving process of differential equations using the multi-segment
method of integration. Ganesh and Choo [3] showed the effect of spatial grading of adherent elastic modulus on
the peak stress and stress distribution in the single lap joint, which lead to decrease in the stress peak and a more
uniform shear stress distribution.

Belhouari, Bouiadjra, and Kaddouri [4] showed a comparison between single and double lap joint using a finite
element model. In this study, the researchers showed the advantages of using a symmetric composite patch for
repairing crack. Also, that double patch has lower stress when compared with single patch repair. Agnieszka [5]
showed a numerical method, regarding the sensitivity for hydrostatic stress, for prediction of the delamination
initiation, which allows simulating the failure of the joint and composite substrate.

Regarding the fastened joints design, some aspects should be observed, for example, fastener edge distance,
pitch, the number of fastener in a row, the fastener stiffness compared with the patch and the structure. It is
important to notice that the fastener edge and pitch distance are different for metallic and composite parts. Also,
the stiffness ratio between fasteners and the other parts act on the fastener load distribution, so, Niu [6] showed
an analytical model for obtain the load in each fastener of a row.

More recently, the researchers Ekh and Schon [7] conducted an study using finite element analysis to model a
multi-fastener, single-lap, composite-to-aluminum joint showing the effects of the overlap length, the effect of
the stiffness mismatch in the plates on the load distribution and the effect of the fastener stiffness.

In order to show the differences between fastened and bonded repair, the present work shows the linear elastic
response of an aluminum plate with a hole showing the differences in the stress distribution in the crack
surrounded area for unrepaired plate and repaired plate (bonded and fastened), as well as the change in the plate
stiffness and weight of repaired structure. The commercial software ABAQUS™ was used for numerical
simulations. Regarding the adhesive bonded repair, the stresses in the adhesive layer are obtained using the
software SAJ (System of Analysis of Joints ) developed by Aeronautical Structural Group of Sdo Carlos
Engineering School.

FINITE ELEMENT MODEL

To proceed with this study, each component of bonded and fastened repair are modeled using a commercial
finite element code ABAQUS ™.

DAMAGED PLATE

Regarding the procedure of cutting the crack affected area, smoothing the edges, the damaged aluminum plate
and the hole have the following dimensions: 250mm x 120mm x 1.07mm for plate and 22mm and 2mm of
radius for the hole. These dimensions are shown in Figure 1.

The finite element model for the plate uses the 20 nodes tetrahedron elements (Figure 2), named C3D20
(ABAQUS - User’s manual [8]).
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Figure 1: Hole dimensions

The plate is clamped in one edge and in the opposite edge is applied 0.25mm of prescribed displacement

Figure 2: Plate Mesh.

The plate mechanical properties are shown in Table 1.

Table 1: Plate mechanical properties.

Poisson
0.33

E (GPa)
72

Material

Plate — Al 7475

The boundary conditions applied are clamped one edge and imposes a prescribed displacement of 0.25mm in

the opposite edge.
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BONDED REPAIR

Regarding the bonded repair, the patch is considered manufactured using unidirectional, prepreg M 10,
composite material (Tita [9]) for each layer; see Table 2 for mechanical properties. The composite patch
dimensions are 70mm x 40mm and the layup are [0/90];o. Each layer is 0.18mm thick.

The patch finite element model use an 8-node, quadrilateral, first-order interpolation element with reduced
integration, named SC8R (ABAQUS - User’s manual [8]). Also, Hashin [10] failure criteria is used, Table 3
presents the strength limits.

Table 2: Patch mechanical properties (Tita [9])

E]] (GPa) E22=E33(GP3) G12=G13(GPa) G23(GPa) Vi2=Vi3 V23

PrePreg M10 100 10 54 3.05 0.34 0.306

Table 3: Unidirectional layer strength limits - prepreg M10 (Tita [9]).

XT (MPa) XC (MPa) YT (MPa) Yc (MPa) Slz=Sl3 (MPa) 823 (MPa)

PrePreg M10 1400 930 47 130 33 89

The epoxy adhesive is modeled as isotropic and linear-elastic behavior. Table 4 shows the adhesive mechanical
properties. The adhesive layer is modeled using 8-node, first-order interpolation tetrahedron element, named
C3D8 (ABAQUS - User’s manual [8]). The adhesive is 0.5mm thick.

Table 4: Adhesive mechanical properties.

Material E (GPa) | Poisson
Epoxy adhesive 1.49 0.35

Figure 3 shows the bonded repair finite element model. Regarding the boundary conditions, the plate is clamped
in one edge and a prescribed displacement of 0.25mm is applied in opposite edge. The interaction between
adhesive layer and plates is modeled using the surface-to-surface formulation, described as "tie" at ABAQUS -
User’s manual [8]. The adhesive layer dimensions are the same as was used for the composite patch.
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Figure 3: Model assembly and boundary conditions.

Computational toll (SAJ)

A computational tool, called SAJ, was developed in order to help the analysis of single and double lap bonded
joints. This software was programmed in Matlab™ language. In the case of composite adherents, this software
is also capable to obtain the stress and strain for each layer. SAJ is also capable to solve composite/composite
and metal/composite bonded joints (Ribeiro [11]). This software was used to design the bonded repair and
verify the stresses distribution in the adhesive layer and the load transfer (Figure 4).
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Figure 4: (a) Load transfer; (b) Adhesive layer stress distribution




As were showed in Figure 4(b), the maximum value of the stress state, in the adhesive edges, does not cause
adhesive plasticity, using maximum distortion energy (Misses) criteria, with yield stress 6y equal 20 MPa ,
which confirms the linear-elastic hypothesis for the structure behavior. Also, the patch does not fail under these
load level, regarding first ply failure. Also, Figure 4 (a) shows a continuous load transfer between joint
components.

FASTENED REPAIR

In order to simulate the fastened repair, the plate was modified adding the holes for each fastener. The fastener
diameter is 4.0mm. It is important to note that the minimum pitch and the edge distance is 12.0mm, about three
times the fastener diameter.

The composite patch dimensions are 96mm x 76mm and the layup are [0/90],0. Each layer is 0.18mm thick.
Also, the same distances between holes and edges are kept for the patch. The patch finite element model use an
8-node, quadrilateral, first-order interpolation element with reduced integration, named SC8R (ABAQUS -
User’s manual [8]). Furthermore, Hashin failure criteria is used in the composite patch. Table 2 shows the
mechanical properties for composite unidirectional layer, and table 3 shows the strength limits.

The fasteners are modeled using 8-node, first-order interpolation tetrahedron element, see Figure 5, named
C3D8 (ABAQUS - User’s manual [8]). Table 5 shows the mechanical properties for fastener.

Table 5: Fastener mechanical properties.

Material E (GPa) | Poisson
Titanium 112 0.34

Figure 5: Fastener mesh.

Figure 6 shows the fastened repair finite element model. Regarding the boundary conditions, the plate is
clamped in one edge and a prescribed displacement of 0.25mm is applied in opposite edge. The interaction
between fasteners and plates is modeled using the surface-to-surface formulation described as "tie"at ABAQUS
- User’s manual [8].
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Figure 6: Model assembly and boundary conditions.

Concerning the galvanic corrosion between carbon fiber composite and aluminum plate, this problem can be

solved by the use of films which involves the patch.

RESULTS

Simulations of unrepaired and repaired plate were performed.

Figure 7 presents the stress field (von Mises) for unrepaired plate (a), bonded (b) and fastened (7) repair. This
figure shows how the repair act on the stress field near the plate cut. The biggest change in the stress field

pattern happened for fastened joint. Even the bonded repair does not show a considerable change in the stress
pattern, the bonded repair presents the biggest reduction in the maximum stress value.

S, Mises
(Avg: 75%)
+4,840e+08

+2,116=+06

(a)

S, Mizes

Envelope (max abs)

(Avg: 75%)
+2.426e+02

+6.907e+05

(b)

2, Mises

Envelope (max abs)

(Ava: 759%)
+4,3842408

+E.600=405

(c)

Figure 7: Stress field for unrepaired plate (a), bonded repair (b) and fastened repair (c).
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Figure 8 presents force x displacement curve for the unrepaired and repaired plate. The maximum force values
achieved for a prescribed displacement of 0.25mm are: 8887.12 N, 9019.01N and 9549.17N for unrepaired
plate, bonded and fastened repaired plates respectively.

As were showed, the fastened repair is stiffer than bonded repair despite the operation of drilling holes for
fastener installation, but the patch used for the fastened repair, due to minimum distances between edges and
fasteners, is bigger than the bonded patch.
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Figure 8: Force x Displacement

Another remarkable point is the reduction of the stress concentration factor in the repaired structures, see Table
6. The stress concentration decreases 18.3% for fastened repair and 31.9% for bonded repair.

Table 6: Stress concentration (Kt) for unrepaired, fastened and bonded repair.

Kt - unrepaired plate Kt - repaired plate Difference - %
Fastened repair 7.27 5.94 18.3
Bonded repair 7.27 4.95 31.9

SUMMARY AND CONCLUSIONS

Despite the small difference in the structural stiffness when compared with unrepaired structure, the repaired
structure are stiffer as well as, the value of the maximum stress is lower for the repaired structure. The fastened
repair is stiffer than bonded repair due to differences in the patch size.

Another important conclusion regards the decreasing of stress concentration near the stress concentration point,
this reduction is more evident for bonded repair mostly due to a better load transfer in bonded joints.
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Finally, both kind of repair are suitable achieve a reasonable performance. A bonded repair possess a better load
transfer between parts, which increases the reduction in the stress concentration factor improving the fatigue life
of the damaged part, nevertheless the bonded repair demands a good superficial treatment before bonding
process.
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