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Abstract

With the increasing use of bonded repairs to
restore the structural integrity of ageing
aircraft the question arises as to the interaction
effects when repairs are located close together.
Using the Finite Element (F.E.) method a
study has been carried out for the interaction
between two idealised circular patches to
repair cracks in thin skins. While circular
-patches are considered the same trends are
expected for non-circular patches. The
interaction involves the increase of the sheet
stress just outside the patch. It has been found
that the tandem orientation, with respect to
the applied load, is the worst configuration. In
this case, for most practical repairs, the
interaction may result in increases of the sheet
stress by 40% for very close separation
distances. It has also been found that biaxial
loading can also significantly influence the
interaction effect.

Introduction

The repair of cracked aircraft structures using
bonded repairs has resulted in considerable
aircraft lifetime extension and hence cost
savings. The long fatigue life of a bonded
repair is attributed to the lack of rivets and
hence stress concentrations in the repair.
However the widespread use of these repairs
for ageing aircraft may result in repairs
located close together. The purpose of this
study is to quantify the interaction effect. The
existence of this effect has been shown in
reference(® for limited geometries. In the work
carried out here, however, a parametric study

is carried out. In this study the increase in the
stress in the sheet just outside the patch is the
quantity being considered. The orientation of
the repairs is considered with respect to the
applied load. Furthermore biaxial loadings
will be considered. The finite width effect is

also  considered for two different
configurations.
F.E. Methodolo

The representation of the repair in this
analysis is simplified and does not include the
adhesive, in accordance with stage 1 of the
two-stage design analysis proposed by Rose®
for repair design. For convenience . the
reinforcement has been modelled to be a
circular patch with constant thickness. Only
in-plane loads are considered, and out-of-
plane secondary bending has been restrained.
Thus the analysis is most appropriate for two-
sided repairs, or for cases where out-of-plane
deflection is restrained by stiff sub-structure®;
one-sided repairs introduce geométrical non-
linearity and new length-scales which are not
considered here®. Also it was assumed that
the hole or crack being reinforced does not
affect the load being drawn into the patch. As
a result a simple model has been developed in
which the variables are firstly the ratio of the
combined Young’s modulus of the patch and

sheet beneath, E,, to the sheet modulus, E,

-as indicated in Fig. 1, and secondly by the

separation distance, 25, between the two
repairs - (Fig. 2). From equilibrium
considerations the E,/E; ratio for any
repair, as shown in Fig. 1, is given by:
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where
Ep  Young’s modulus for the patch
ts thickness of the sheet
tp thickness of the patch

For  most  repairs E,t, = Egt,,
hence E,/E; =2. For an over-stiff
repair Ept, > Et;
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. FIGURE 1. Geometry for equivalent stiffness
representation.

Load cases considered are for remote O x and
O, stresses and a combination of both ¢ X
and O, . The axis system used is shown in
Fig. 2.

FIGURE 2 Two repairs in an infinite sheet:
‘axis system and locations of interest.

The separation between the repairs is
expressed as a ratio of S/R. Shown in Fig. 3. is
a close up view of the FE. mesh for a

. achieved.

separation ratio of 1.1. A range of separation
ratios of 1.1 to 5 will be considered.

iy, || [ gimnng
—.‘: : g% =SS,
== S 5
% o
; KB SRR /
l\‘\l,\l\ll\7:\ vm\fm\ll I ALY, f’(%ﬁm 1L
AV QIR SN T AN AN T AT IS
X R OO E SRR
<K X
. NG
= i Z ,42‘. %
NS i - ==
I == : =1
N | AT LT
T ; ATl

FIGURE 3 Close up view of mesh for S/R=1.1

Results

Firstly a convergence study was carried out to
determine the fineness of the mesh required to
give results for an accuracy of three significant
figures at the points A, B and C shown in Fig.
2. These points have been identified as being
the critical locations by graphical means. In all
cases the maximum and minimum principal
stresses, O, andO0, considered.

Convergence to
achieved in all cases.

were

desired accuracy was

Tandem configuration

This configuration is shown in Fig. 4 and
corresponds to an applied stress of o, =1

and o0, = 0. The stress contours indicate

that the maximum principal stress, 07, occurs

at location C (see Fig. 2). Also it happens that
the maximum principal stress occurs in the X
direction. The results for this configuration
with respect to the applied load are shown in
Fig. 5 and indicate a strong interaction for

close separation and high £,/ E values,
and maximum stress ratio of 1.60 was
Normally a repair would
correspond to £, / E =2 and hence would
correspond to a maximum S/R ratio of 1.4. At
large separation distances O, approaches an

asymptotic value which corresponds to that of
a single repair.




Copyright © 1998,

by the International Council of the Aeronautical Sciences (ICAS)

and the American Institute of Aeronautics and Astronautics, Inc.

FIGURE 4. Tandem configuration: stress interaction between two circular repairs, where o=c,=1
and 5/R=1.2. (A=.878, B=.928, C=.977, D=1.027, E=1.076, F=1.126, G=1.175, H=1.225, =1.274,

J=1.324)
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FIGURE 5 Tandem configuration: variation of
stress ratio 61/cx with S/R ratio.

Side by side configuration

This configuration is shown in Fig. 6 and
corresponds to the applied loading ¢, =0
and 0, = 1. In this case the stress contours

for the maximum principal stress show that
the maximum value occurs at location B (see
Fig. 2). Also it happens that the maximum
principal stress occurs in the Y direction. The
results for a study of the interaction are shown
in Fig. 7. These results are different to the
previous case in that the maximum stress
ratios occur at large separations, due to
shielding, and show an asymptotic behaviour.
As before, the maximum stress concentration
in the sheet occurs for high E, / E values.

The maximum stress ratio achieved was 1.28.

Again, for most repairs (E, /E; =2.) and
the maximum stress ratio is 1.19.

FIGURE 6. Side by side configuration: stress

" interaction between two circular repairs,

where o,=1. and 0y=0. and S/R=1.2 (A=.810,
B=.848, C=.886, D=.925 E=.963, F=1.001,
G=1.039, H=1.078, I=1.116, J]=1.154)
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FIGURE 7. Side by side -configuration:
variation of stress ratio /0y with S/R ratio.

Periodic array

This is the representation of an infinite
number of repairs in the X direction, as shown
in Fig. 8, and is equivalent to the tandem
configuration. The height of the sheet is very
large in comparison to the radius, and hence
can be assumed to be infinite. The loading is
‘carried out by applying  uniform
displacements in the X direction along the face
of the sheet. This results in a variation of O,

stress in the Y direction and from this an
average stress has been calculated. Results for
a range of E,/E are presented in Fig. 9
and correspond to point A shown in Fig 8.
Although the separation distance is
considered in terms of W/R rato’s, it is
apparent that at close separations maximum
stress ratio’s of 1.9 are achieved at point A,

withavalueof E, / E¢=3.0.

Combination of loads

A bi-axial stress field has been considered in
which the applied stresses are Ox = 1 and
Oy = -1, corresponding to the geometry in Fig.
1. These results are shown in Fig. 10. In this
case the maximum interaction occurs at
location C (see Fig. 2) corresponding to the
lower S/R ratios. Again the repairs with large
Eo/Es ratios result in the largest 0,/ 0,
ratios. The maximum principal stress also
happens to occur in the X direction. This
combination of loads results in a stress
interaction equal to that of the periodic array.
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FIGURE 8 Periodic array in X direction
(tandem configuration), infinite in Y direction.
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FIGURE 9 Results for periodic array, stress
ratio 61/ Gave for W/R ratios. ‘
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FIGURE 10. Bi-axial loading: S/R=1.1, ox=1,
Oy=-1, stress ratio at point C .
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For the case where 0, =0, =1, for the

geometry shown in Fig. 1, results are shown in
Fig. 11. In comparison to Fig. 5 for the uni-
axial case, the combination of stresses
alleviates the interaction effect. Clearly, the
direction of the load components is important.
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FIGURE 11. Bi-axial loading, S/R=1.1, o\=1,
Oy=1, stress ratio at point C.

Finite width effect

olo,

Consider the tandem configuration shown in
Fig. 12. In this case the S/R ratio has been set
to 1.1 since it is already known that the
highest interaction occurs with this geometry.
The results shown in Fig. 13 show a
percentage change of sheet stress (location C)
with a variation of width, W, (expressed as a
ratio W/R). The greatest reduction in sheet
stress occurs for W/R ratios approaching 1,
and for higher E, / E ratios.

For the case of the side by side configuration
shown in Fig. 14 the S/R ratio adopted was 3
since the highest stress occurs at large
separations. The results for the percentage
change of sheet stress (location B) versus W/R
are shown in Fig. 15. Again the largest
reductions of sheet stress occur for W/R ratios
approaching 1, and for higher E, / E ratios.

In comparison with the tandem configuration

the finite width effect is not as strong. The -

results may be surprising that a smaller width
should decrease the sheet stress, but an
explanation is that with a narrow width the
load attraction ability is limited.
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FIGURE 12. Finite width effect tandem
configuration.

21
0+ Fel
2
g -27
7
3
5 -6 O EJfE=15
£ . R
s 2 O EJE=2.0
§-1o- A EJE=25
O -124 \v/ Ep/55=3~°
2
144
0 2 4 6 8 10

W/R
FIGURE 13. Finite width effect: % Change in
sheet stress for tandem configuration.
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FIGURE 14. Finite width effect: side by side
configuration. .
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FIGURE 15. Finite width: % Change in sheet
stress for side by side configuration.

Conclusion

Results indicate that maximum stress
increases, depend on both the orientation of
the repair with respect to the applied load,
and separation distance between repairs. The
side by side configuration with respect to the
applied load gave stress increases of between
12-27%, where the maximum values occurred
" at the larger separation distances. In the case
of the tandem configuration with respect to
the applied load, stress increases of between
23-60% were obtained and the maximum
correspond to small separation distances. In
both orientations over stiff repairs gave the
maximum stress increases. Thus, shielding
and load-shedding behaviour for
neighbouring repairs is in complete contrast
to that for neighbouring holes or cutouts,
which could be regarded as limiting cases for
which Eo/Es— 0, whereas for repairs Eo/Es >
1.

Bi-axial loading combinations can either
increase or decrease the stress field
interactions. If the applied component stresses
are of the same sign interaction stresses are
decreased; while applied stresses of opposite
signs result in increased interaction stresses.

Results from the study of the periodic array in
one direction have shown that this
configuration gives the highest stress
increases for uni-axial loading, and also is a
tandem orientation with respect to the load.
An investigation of the finite width effect has
shown that repairs in sheets with small widths
result in smaller stresses than in large width
sheets. In this case the repair is no longer able
to attract additional load from the
surrounding structure.
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