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Abstract

In recent decades, the increase in demand for ad-
vanced composites in the replacement of conven-
tional materials, to both primary and secondary
aircraft components, reached a concerning level.
The safety and efficiency of composite aircraft
components are significantly dependent on dam-
age assessment and repair techniques. In this
scenario, the use of composite repair patches for
restoring and/or improving the original strength
and stiffness conditions of damaged components
is a viable option. This statement is particularly
true when replacing the entire damaged compo-
nent is not cost-effective. The present work pro-
poses an optimization-based methodology for ob-
taining the best patch configurations for the re-
pair of damaged laminate panels. A two-phase
optimization was employed: first, the fiber ori-
entation that maximizes the strength of the repair
patch was defined, followed by the minimization
of the repair surface. Circular and square re-
pair patch shapes were tested. The parent plate
was considered as a rectangular plane laminate
with two different stacking sequences, and dif-
ferent boundary conditions were tested as well.
The patch was modeled as an unbalanced fiber
reinforced repair with a single layer. Linear pro-
gramming was employed to solve both optimiza-
tion problems: fiber orientation and shape area.
The error concerning the first natural frequencies
of the repaired component compared to the dam-
aged one was considered as the objective func-
tion.

1 Introduction

The increase of structural applications for ad-
vanced composites direct implies in need for effi-
cient manufacturing processes and damage detec-
tion techniques. Moreover, as appointed by the
US Government Accountability Office (GAO), to
sustain the increase in demand for advanced com-
posites at a health state growth level, the devel-
opment of technology for both structural repair
and maintenance operations is mandatory [!]. In
the current scenario, where the aerospace indus-
try uses large and highly integrated composite
structures, the complete replacement of damaged
composite components might not be economi-
cally viable. This plot led to the need for sus-
tainable options to extend the life of expensive
composite damaged components, under a prac-
tice way more demanding than the usual Alu-
minum/Steel/Titanium parts repair. In this con-
text, fiber-reinforced adhesive patches are, un-
doubtedly, the most promising and efficient way
to restore or even improve the mechanical re-
sponse of damaged composites [2].

1.1 Fiber Reinforced Repair Patches

The search for repairing techniques by the
aerospace sector is not recent. Composite re-
pair patches have been employed by the Aus-
tralian Research Laboratories (ARL) since the
late 1960’s [3, 4]. These pioneer works suc-
cessfully applied repair patches made of BFRP
and CFRP to extend the life of cracked metal-
lic components of several military aircraft [5,

]. Through the following decades, considerable
progress has been achieved in the use of bonded



fiber reinforced repair patches. However, there
are still several limitations concerning such tech-
niques.

The use of fiber reinforced repair patches ap-
plied to damaged composite structures is still
very limited, by both aviation rules and certifi-
cation, and technology development [7]. Usu-
ally, only conventional rectangular geometries
with predefined fiber orientation and stacking se-
quences are considered. The vast majority of the
existing research of composite repair patches is
presented for metallic components [, 9], mostly
cracked plates in which composite patches are
applied aiming to reduce the Stress Intensity Fac-
tor (SIF) and prevent crack growth. These early
works [3-0, 8, 9] usually determined the repair
shape by experimentation without seriously con-
sidering the material waste and inertia increment
caused by the use of oversized patches.

Along the last years, different approaches
intended to achieve patches designed to min-
imize the drawbacks caused by large repair
patches [1 1], such as excessive mass gain, non-
aerodynamic surface, residual thermal stress due
to curing. Some of the patch shapes proposed in
the last years may be listed as:

- Skewed repair patch [10] priming for the
material distribution along crack tips.

- Modified skewed repair patch [12] ob-
tained by improving the work of [10] by
the use of genetic algorithms.

- Trapezoidal repair patch [13].

- Arrow head and H-shaped patches [ 1].

- Bow tie patch [14].

In these works and the vast majority of the
others presented in the literature, it is suggested
the use of patch shapes capable of distributing a
more substantial amount of material on the sur-
roundings of a crack tip [2]. Moreover, most
of the repair patch shapes proposed in the liter-
ature are defined aiming to reduce the SIF solely,
which may not be the best strategy. Such ap-
proach is only applicable for crack-like damage.
This drawback is particularly critical when work-
ing with composites because the definition of the
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repair patch fibers orientation as being perpendic-
ular to the central damage line (or crack normal
direction) might not be the orientation of maxi-
mal efficiency. To circumvent this problem is one
of the primary objectives of the present work.

1.2 Work Overview

The motivation of the present work lies on the
need for a tool suitable to define a composite re-
pair patch capable of restoring the stiffness of
a damaged component, Kp, to its original (un-
damaged) configuration, Ky. Such tool would
be suitable for applications of repair and also
for local/directional enhancement of mechanical
strength. Both purposes are a demand of the
aerospace industry with high relevance and ap-
plicability. This statement is especially true in
recent years when the search for the reduction
in weight, fuel consumption and pollutants emis-
sion has dramatically changed the total amount of
advanced composites employed in aircraft [ 15].
The present work approaches the use of com-
posite repair patches applied to damaged lami-
nated panels aiming to achieve a repaired compo-
nent with structural stiffness and inertia as close
as possible to its original design. Fig. 1.2 illus-
trate the concept of the present works main goal:
achieve an optimum based repair patch shape.

2 Optimization-Based Repair Patches

The most efficient repair patch must be capable
of restoring the original strength of a damaged
component, but not at the cost of excessive iner-
tia increment. In order two achieve this condi-
tion, the methodology proposed herein incorpo-
rates a two-phase optimization formulation. The
first one aims an optimal parameter for ply an-
gle, which is employed as an entry for the second
optimization. The objectives of both phases are
presented, respectively, as:

Ist - Define the fibers orientation angle ¢ that
maximizes the repair efficiency;
2nd - Obtain a patch geometry that minimizes
material usage, patch area A, and restore
undamaged response.
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Damage detection

— Degraded area determination — Repair patch shape optimization

Fig. 1 Logical sequence to achieve an optimally repaired component.

This methodology and the objectives aimed are
presented by Fig. 2.
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Fig. 2 Repair shape optimization strategy.

2.1 Study Cases

The geometry of study was selected aiming to re-
produce the scenario of a composite panel em-
ployed in structures such as aircraft fuselage;
wing skin; wind turbine blades; among others.
These panels are physically attached to its neigh-
bors, leading to two possible boundary condi-
tions, fully clamped (FC) or simply supported
(SS). This lead to the definition of a rectangular
flat laminate, with dimensions / x //2, to be con-
sidered as parent plate. Two different stacking se-

quences were analyzed [0/45/-45/90]s and [45/-
45/0/90/60/-30/90/-45], both with ply thickness,
ti, equal to 0.4mm. The component was modeled
with a central rectangular damage zone, with di-
mension d X d /4, acting on all layers, fully tres-
passing, as presented in Fig. 3.

2

v\ZI/' e IR
x 72 X 4

Y Base geometry: Damage.
0.5m x Im 12.5mm x 50mm

Fig. 3 Geometry of the parent plate.

Two possible repair patch shapes were con-
sidered, circular and square. Each geometry
counts with two design variables, the fiber ori-
entation angle ¢ and the radius R for the circular
patch or side S for the square patch. The repair
patch thickness #, is equal to 0.4mm, which is the
same as t;. These features are illustrated in Fig. 4.

/tr t'r' s
2 AL S

X

7 X |~

Square patch.

Circular patch.

Fig. 4 Repair shapes.



The material was considered as a transver-
sally isotropic CFRP: E;; = 147GPa;E,; =
9.8GPa,G12 = 2.35GPa;G23 = 3.3GP8.,V12 =
0.405;v23 =0.485;p = 1580kg/m3. The damage
area was modeled by means of local mechanical
properties degradation in five orders of magni-
tude. It must be noted that only the elasticity and
shear modulus are affected. The density of the
material in the damage area is kept unchanged.

2.2 Optimization Formulation

In the present work, the optimization formulation
is presented as the minimization of an objective
function Obj(x;) subjected to side constraints, g;
and h; acting over the design variables x;:

minimize Obj(x;),
Xi
subjected to x; < g;, (1)
Xi Z ]’ll'.

The optimization formulation employed
herein does not directly evaluate the repaired
structures stiffness, Kpg, instead, a surrogate
approach is applied. The modal response of the
structure is used as a metric for evaluating the
efficiency of the repair patch.

The first optimization problem is the simpler,
with ¢ as a single design variable. The objec-
tive function is defined in order to maximize first
natural frequencies of the repaired structure, f;.
Eq. 2 expresses the resulting optimization prob-
lem.

3 f
obj, =Y (),
Yo Z(f) @)

i=1 \Ji

subjectedto —m/2 <0 <m/2

minimize
¢

where, f; corresponds to the first natural frequen-
cies of the undamaged structure, comparison so-
lution, and the side constraints applied over ¢ al-
lows any possible fiber orientation.

After obtaining an optimized value for ¢, it
is employed as an entry data for the second op-
timization, which aims to achieve the minimum
repair patch area capable of restoring the re-
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paired component modal response to its undam-
aged state. The objective function of this second
optimization is the error with respect the first nat-
ural frequencies of the comparison solution,

3 7N\ 2
Errory = Z(flflfl), 3)

i

and the optimization formulation is expressed as

minimize Errory,
o (4)
subjected to x; <x; <x, Vx; € Qgp,

where, the side constraints x; and x,, are the lower
and upper limits for x;, respectively. Also, the
feasible domain, Qg, of the design variables is
defined as the edges of the parent plate.

The coupling of the two-phase optimization
process is presented as:

1. Evaluate f;, comparison model.
2. Obtain the optimal ¢:

(a) Random initial guess for 0, iteration
i=1.

(b) Employ a pre-defined repair patch
shape and size.

(c) Build and solve the shell finite ele-
ment model of the repaired structure.

(d) Evaluate Obj¢.

(e) Check convergence.

(f) If converged go to Step (k)

(g) Evaluate sensibility.

(h) Solve linear problem and obtain new
parameter 0;.

(1) Adjust moving limits, o.

() Go back to Step (b).

(k) Optimal solution for ¢ obtained.

3. Obtain a random initial guess for x;.

4. Build and solve the shell finite element
model of the repaired structure.

Evaluate Errory.
Check convergence.
If converged go to Step 12

© N oW

Evaluate sensibility.
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9. Solve linear problem and obtain new de-
sign variables x;.

10. Adjust moving limits, .
11. Go back to Step (4).
12. Optimal solution obtained.

Each repair shape was submitted to the pro-
posed optimization methodology. For each case,
the objective function was linearized employ-
ing Taylor Series expansion. The associated lin-
ear problems were solved using Linear Program-
ming, LP, [16] and an interior point algorithm
[18]. Forward finite differences was used to eval-
uate the sensitivity of the design variables. The
updating of the moving limits was performed us-
ing a heuristic based on past iterations history

[17].
3 Results

In the following sections, the term FC is em-
ployed to refer to the study cases with Fully
Clamped boundary conditions. Analogously,
the term SS is equivalent to Simple Supported
boundary conditions.

3.1 Optimized Fibers Orientation ¢

The optimal ¢ for each case of study is presented
in Tab. 1 and Tab 2. The number of iterations un-
til convergence and the initial random guess for
each optimization problem are presented as well.

Table 1 Laminate [0/45/-45/90]s

FC SS

Iterations until convergence 25 25
Initial guess, 01 —33.23° 32.80°
Potim —3.15°  —6.02°

Table 2 Laminate [45/-45/0/90/60/-30/90/-45]

FC SS

Iterations until convergence 18 27
Initial guess, ¢ 36.43° 80.30°
Dotim 32.16° 13.69°

In none of the analyzed cases, the optimized
fiber orientation angle was perpendicular to the
damage neutral axis (damage length). Although
of being primarily used in the literature, and be-
ing accepted for the repair of cracked metallic
plates, this approach is inappropriate in the study
of composites. Besides, the definition of the re-
pair patch orientation is not trivial even for sim-
ple and symmetric stacking sequences. Concern-
ing the restoring of damaged repair patches, an
optimum-based methodology for the definition of
¢ appears to be the best answer.

3.2 Optimized Repair Patch Shapes

In the following subsections, the optimized re-
pair shapes obtained for all study cases are pre-
sented in terms of optimized design variables, R
and S, and area of the optimized configuration,
A, for the circular patch and Ay for the square
patch. Once more, the term FC is employed to
refer to Fully Clamped boundary conditions, and
the term SS is equivalent to Simple Supported.

3.2.1 Laminate [0/45/-45/90]s

The optimized configuration for the circular re-
pair patch is presented in Figs. 5 and 6 for the FC
boundary conditions. Fig. 5 presents the evolu-
tion of the design variable R and objective func-
tion Errory through the optimization process.

Fig. 5 Circular repair patch: Convergence and
optimization evolution - FC.
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Fig. 6 Circular repair patch: Optimized configu-
ration - FC, showing 1/4 symmetry.

The circular repair shape that minimizes the
objective function has a total area equal to A, =
20.92cm? and R = 2.58cm. The configuration of
Fig. 5 was obtained after 37 iterations. One must
note that the optimized repair patch minimally
covers the edges of the damaged area. Moreover,
the result presented by Fig. 5 indicates a smooth
convergence behavior.

Figs. 7 and 8 presents the optimized solution
of the circular repair patch for the SS boundary
conditions.
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Fig. 7 Circular repair patch: Convergence and
optimization evolution - SS
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Fig. 8 Circular repair patch: Optimized configu-
ration - SS, showing 1/4 symmetry.

The optimized configuration of Fig. 8 has
a total area equal to A. = 20.90cm? and R =
2.57cm. The configuration of Fig. 5 was obtained
after 36 iterations.

The difference in the solutions obtained for
the SS and FC scenarios was minimal. This indi-
cates that despite different boundary conditions,
the modal response was similar for both cases.

The optimized configuration for the square
repair patch is presented in Figs. 9 and 10 for the
FC boundary conditions. Fig. 9 presents the evo-
lution of the design variable S and objective func-
tion Errory through the optimization process.
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Ry 4 [
lyy 02 W

Fig. 9 Square repair patch: Convergence and op-
timization evolution - FC.
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Fig. 10 Square repair patch: Optimized configu-
ration - FC, showing 1/4 symmetry.

The square repair shape that minimizes the
objective function has a total area equal to Ay =
26.0lcm? and S = 5.10cm. The configuration of
Fig. 7 was obtained after 32 iterations. The opti-
mized solution for the square repair patch is simi-
lar to the one obtained with a circular patch, both
in dimensions and total area.

Figs. 11 and 12 presents the optimized solu-
tion of the square repair patch for the SS bound-
ary conditions.

Fig. 11 Square repair patch: Convergence and
optimization evolution - SS
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Fig. 12 Square repair patch: Optimized configu-
ration - SS, showing 1/4 symmetry.

The optimized configuration of Fig. 12 has
a total area equal to A, = 25.02cm” and S =
5.02cm. The configuration of Fig. 11 was ob-
tained after 34 iterations.

The difference in the solutions obtained for
the SS and FC scenarios was minimal. This indi-
cates that despite different boundary conditions,
the modal response was similar for both cases.

3.2.2  Laminate [45/-45/0/90/60/-30/90/-45]

Analogously to the previous subsection, the opti-
mized configuration for the circular repair patch
is presented in Figs. 13 and 14 for the FC bound-
ary conditions. Fig. 13 presents the evolution
of the design variable R and objective function
Errory through the optimization process.

45 S
— 730
Rlmy x1072

10 ¢

Fig. 13 Circular repair patch: Convergence and
optimization evolution - FC.
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Fig. 14 Circular repair patch: Optimized config-
uration - FC, showing 1/4 symmetry.

The circular repair shape that minimizes the
objective function has a total area equal to A, =
449.4cm? and R = 11.96cm. The configuration
of Fig. 13 was obtained after 100 iterations. For
the analyzed stacking sequence a larger repair
patch was needed in order to restore the struc-
tures modal response.

Figs. 15 and 16 presents the optimized solu-
tion of the circular repair patch for the SS bound-
ary conditions.
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Fig. 15 Circular repair patch: Convergence and
optimization evolution - SS
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Fig. 16 Circular repair patch: Optimized config-
uration - SS, showing 1/4 symmetry.

The optimized configuration of Fig. 16 has
a total area equal to A. = 511.8cm? and R =
12.76cm. The configuration of Fig. 13 was ob-
tained after 38 iterations.

Similarly to the results obtained for the pre-
vious stacking sequence, the difference in the so-
lutions obtained for the SS and FC scenarios was
minimal.

The optimized configuration for the square
repair patch is presented in Figs. 17 and 18 for
the FC boundary conditions. Fig. 17 presents
the evolution of the design variable S and ob-
jective function Errory through the optimization
process.

Fig. 17 Square repair patch: Convergence and
optimization evolution - FC.
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Fig. 18 Square repair patch: Optimized configu-
ration - FC, showing 1/4 symmetry.

The square repair shape that minimizes the
objective function has a total area equal to Ay =
328.54cm? and S = 18.13cm. The configuration
of Fig. 15 was obtained after 21 iterations. Once
more, a larger repair patch area was need to re-
store the modal response to its undamaged con-
dition.

Figs. 19 and 20 presents the optimized solu-
tion of the square repair patch for the SS case.

Fig. 19 Square repair patch: Convergence and
optimization evolution - SS
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Fig. 20 Square repair patch: Optimized configu-
ration - SS, showing 1/4 symmetry.

The optimized configuration of Fig. 20 has
a total area equal to A; = 136.18cm? and S =
11.67cm. The configuration of Fig. 19 was ob-
tained after 24 iterations.

Analogously to the symmetric stacking se-
quence, the difference in the solutions obtained
for the SS and FC scenarios was minimal. This
indicates that despite different boundary condi-
tions, the modal response was similar for both
cases. This may denote that the optimized repair
patch shape is affected by the stacking sequence
more than it is affected by the boundary condi-
tions.

4 Final Remarks

The major contribution of the present work is the
confirmation that an arbitrary definition of ¢, per-
pendicular to the middle line of the damage re-
gion, is not efficient. Furthermore, the evalu-
ation of ¢ by means of an optimization proce-
dure allows maximum benefit from the fiber rein-
forced repair patch. Moreover, the optimized re-
pair shape depends on both parent plate stacking
sequence and boundary conditions. However, the
influence of the parent plate stacking sequence
seems to be far more significant.
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