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Abstract

Composite repair is an area of great importance, especially in the aerospace industry, due to the fact the
an increasing number of modern aircrafts are utilizing these materials in larger quantities and in
numerous areas in an effort to take advantathpeiofsuperior mechanical and physical properties.
However, as result of their higher costs when compared to metals, replacing damaged structures coulc
be a costly endeavour which is why composite repair is an excellent avenue to explore. This project aim:
to examine the suitability of a bontdetted combination repair for a damaged fuselage section through
simulation by means of a finite element analysis on a CAD model. Catia V5 was used to create the
model and the analysis was done in Ansys workberecheddir section was compared with an
undamaged section and after the application of pressure loads, the results indicated that there was
10% increase in the stress and structural deformation of the repaired model when compared to the
undamaged modeh addition, the stress in the materials used in the model was below that of their

endurance limit.
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1.0 Introduction
In July 2013, a Boeing B787 aircraft suffered fire damage to its rear section caused by an Emergency

Locator Transmitter (ELT) battery short circuit. The damaggetvas 9.5 square meters and the result

was that the fuselage skin, stringers, frames, and insulation blankets in this area had been damaged «
destroyedFigurel provides a representation of the insulations blankets and frames in the damaged
section.

Frame 1644 Frame 1794

Frame 1618 Frame 1815
/ 7

——
S o e
——

Key: [l Fuselage insulation blankets destroyed
|:| Fuselage insulation blankets damaged Location of ELT

Figure 1: Damaged section of aircraftl]

Areas adjacent to the ELT suffered severe structural damage in the form of significant resin loss and
ply disbonding in the fuselage skin and frgtheBhe ELT, its mounting plate, and sections of the
frames to which it was attached all suffered severe thermal [dhnfrrgedamage on the skin was

interior between a number of stringers and exterior in the location of the ELT as Sigpwe2in

Figure 2: External skin damag¢l]



The frames and skin in thigghlydamagedreas suffered an almost tatalm loss. Following a visual
test of the area, an ultrasonic test was performed. The ultrasonic survey identified areas of skin which
had voids present or showed evidence of disbddflagyshown ifrigure3.

w
=
=

=== skin

S frame

- 1=soot 2=discoloration 3= surface damage _

Figure 3: Plot of interior skin damagé1]

This project aims to examine the suitability of a bawalesti ©ombination repair for a damaged
fuselage section similar to the one on the B787. The original damaged section had an area of 0.37 squal
meters with the overall material removal being 0.66 square meters. The criteria for a suitable repair is
such that it mst withstand the ultimate load on the section before it can be deemed acceptable.



2.0 Regulations

Damage tolerance i s a representation of a str
carrying a defect and being able to perform @stipg functions in spite of this. The philosophy
originated from the safe life and fail safe approaches. The safe life approach limits the allowed
operational life of a structure and thus ensures an adequate fatigue life whiafthagpioach

assmes failure but uses redundant systems which provide multiple load paths.

Civil aviation requirements for composites are addressed in Federal Aviation Regulations (FAR) 23.573,
25.571 (damage tolerance and fatigue evaluation), 27.571, 29.571 amchdbineas Requirements

(JAR) 25.57[R]. Current aeronautical requirements for composite structures with daf2age are

1 Structures containing damage or defects that are not detectable during manufacturing inspections
and service inspections must withstand Ultimate Load and not impair operation of the aircraft for
its lifetime

1 Structures containing damage that is detediaiodg maintenance inspections must withstand a
once per lifetime load which is applied following repeated service loads occurring during an
inspection interval

1 All damage that lowers strength below Ultimate Load must be repaired when found

7 Structure daage from an Hilight discrete source that is evident to the crew must withstand loads
that are consistent with continued safe flight

1 Any damage that is repaired must withstand Ultimate Load



3.0 Repair Theory

A combination of bonding and bolting wagpsed for the repair but the bonded repair type was the

one that was mostly utilized. Bonded repairs can take the form of external patches, internal patches, or
a full scarf or stepped red8jr as shown iRigured andFigureb. Externapatches are usually stepped

while internal patches can be stepped or scarfed. The scarf angle should be small enough, usually 2° t
6° [4], to facilitate smooth stress transfer between adherends atgbthelps to prevent the adhesive

from escaping.

External doubler patch

_

o~ Damagedlaminate

Figure4: External Bonded Repa]i5]
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Figure 5: Scarf Repaif6]

Despite the benefits of scarf repairs, there are some drawbacks. First, in order to obtain a small taper
angle, a large amount of material must be removed. Second, the replacement plies must be accuratel
laid up and placed in the repair joint. Thirtigifreplacement plies are not cured in an autoclave, there
could be a reduction in strength. Fourth, the adhesive can run to the bottom of the joint and create a
nonruniform bond ling2]. Due to theseancerns, this type of repair is usually performed at a facility

but can result in part strength that is as strong as the original.

The external patch repair is commonly used because of its simplicity. However, to maintain aerodynamic
features, to minimizaomentinduced failure modes, and to preserve weight, the flush scarf repair is
preferred3]. Applying internal or external patches requires the surface to be cleaned and lightly abraded
before layingip the repair. For the flush repair, a hole is createddeshged section is remaved

and the patch is designed and fabricated to fit in the hole. The patch could be-etitext prel
secondarily bonded to the part orcaoed and adhesively bondedhe damaged area. It is thought

that cecured patches are generally strdBfer



4.0 Model Overview

4.1 Fuselage

For the analysis, a representative model of a B787 fuselage section was created in Emjlae/5, see
6 andFigure7 using informatiofiound from research and other approximations. The design features
a composite skin along with composite stringers, frames, and shear straps with titardaach rivets
composite repair straps. The dimensions for each part can be found in Appendix

An arbitrary stacking sequence was used for the composite and the model was analyzed with
unidirectional carbon/epoxy 395 GPa prepreg from the Ansys library as d poookpt. For the

analysis, a 5.8guaraneterportion of the fuselage containing the section to be repaired was cut out
and used for analysis in an effort to reduce the computational resources required to carry out an analysis

on the entire fuselage section.

Figure 6: Overall fuselage section

Stringer

Figure 7: Fuselage skin, stringers, shear straps, and frames
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4.2 Repair

A scarf angle bonded repair which utilizes bolted titanium straps was designed and analyzed.

4.2.1 Patch Design

The 3 ft outer diagter patch design with an 8° flush scarf taper is as sheigara8. Gama et al.

(2004) noted that scarf angles between 2° to 6° were usednvéttuthiires and researched using

larger angles (11.3° and 18.4°) for thicker structures to conserve the amount of material removed during
the repair process. This is a disadvantage of the scarf repair as it can require the removal of an exces
amount of god material from the repair area. Increasing the scarf angle, however, causes more load to
be taken by the adhesive and can ultimately result in failure of the bond in the adhesive layer.

Fintire 8 Renair natch

4.2.2Fastener Selection

For bolted repair of carbon composite structures, the fasteners usually utilized are made from either
titanium or corrosion resistant s{€glThese fasteners should also have large heads which will help to
prevent them from being pulled though the drilled holes in the composite. However, in this design,
there are two titanium patches that serve to sandwich the composite structures ard tasgtanak

selection much easier.



The fasteners selected for use in the bolted portion of the repair were-ltloé Yasteners similar to
the schematic shown kigure9. This type of selbcking fastener consists of a preassembled nut,
threaded bolt and sledvg The installation can be done by one person and can be accomplished by

either hanar using power tools operating at standard air pressur¢Blevels

MAX GRIPPLUS
“L"REF.

DISTORTIONOF D" DIA
PEAMISSIBLE IN LOCKING ASEA

MAX. GRIP

GRIP

VISUAL MECHANICAL
LOCK (SeeNole 1)

,’ A7 T e \ f SCREW
k! \ SLEEVE
A NUT
H

SEE APPLICABLE
STANDARDS DRAWING
FORBREAK-OFF LIMITS

Figure 9: VisuLok Il 100° Flush Head Seri¢g]

The bolted model has three rows of eight fasteners as slkagumehOall with off the shelf diameters
D. The fasteners in the top two rows hadiengter of 0.2 inches while the bottom row fasteners have

a diameter of 0.25 inches.

Figure 10: Bolted model design

4.2.3 Composite Strap Design

In an effort to reinforce the area where the patch and fuselage meet, twooseposite straps

attached to the inside of the fuselage were used in the design: flat, and molded dSgredt in

The flat straps are betwegm7 x 100mm and 41.% 100 mm plates while the molded straps are
designed to fit over the stringers. In addition, both composite straps have the same stacking sequence
as the stringers.



Figure11: Composite strapa) flat b) molded straps

4.3 Model Loads

A number of different loads act on an aircraft during the course of a flight. These loads can be quasi
static such as flight loads (manoeuver and gust loads), ground handling loads (take off, landing, taxiing
etc.)and local and internal loads (system pressure etc.); dynamic loads such as buffeting, vibrational
loads, etc.; and fatigue lofdk

Gust

Positive Maneuver
and Static Gust
Yaw Maneuverand
Lateral Gust
Negative Maneuver
and Braking | Buffet

/ Positive Checked
Maneuver

G y S T Negative Checked
B \— okl P Maneuver

.......

Engine Blade Out
Figure 12: Important loads based on aircraft sectiorj$1]

For the purposes of the analysis, static loads related to the aircraft flying at maximum altitude with

maximum takeff weight were considered. Dynamic loads, such as buffeting and other vibrational
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loads, along with fatigue loads were not consideradpiifysthe analysis and obtain more reliable
resultsFigurel2gives an indication of how varioudlight conditions can affect certain sections of

the aircraft. Due to the location of the damage, the most important loads will be those due to the
pressure differential between the cabin and the outside atmasglleeecompressive loads attributed

to the bending of the fuselage during flajtitoudn the latter will not be included in this analjalde

1 shows the variables which were used to carry out the finite element analysis.

Tablel: Model variables

Cabin pressure (6000 ft) (Ngm 81,204.8
Pressure at maximum altitude (43000 ft) N/m 16,304.6
Load factof12] 3.8
Safety factdi 3 15
Applied pressure (MPa) 0.37




5.0 FEM Analysis

The composite analysis was carried out in the Ansys workbench using the corpasiessire

and mechanical model component systems and the static structural analysis systems. The mode
assumed for the analyis&la total 0f3,317540solid elementand other model information can be
found in AppendipA. A free body diagram of the model with fixed supports and applied load P is as

shown in

Figurel4.
Figure 14: Model free body diagram

The adhesive layer was represented by the bonded contact type definition in Ansys and the results of
applying the load on the repair model are shown in the form of a displacement, and maximum principal
stress plots as showrFigurel3andFigurel5respectively.

Fiaure 13: Deformation plot for repair section

10
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Figure 15: Maximum principd stress plot for repair section

FromFigurel3 it can be seen that the greatest deformation occurs in and around the area where the
damaged sectiora$ been removed. This was expected because the removal of the damaged section
introduced a discontinuity to the structure which would affect the load and stress distribution. Using
the principal stress distribution, showFkigurel5, it could be inferred that the use of the bonded

repair did not introduce a huge stress discontinuity in the damagedrigugieb6 and Figurel?7

show the deformation and stress plots for an undamaged fies#lage €omparing the deformation

plots for the repaired and undamaged section, it can be seen that the maximum deformation of the
undamaged section is greater than that of the repaired section, almost 1.8 times more. However,
comparing the deformation thle undamaged and repaired skin of the two models, it was found that

these were very similar.

Finiire 16° Deformation in an 1indamaaned sectinn

11
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Figure 17: Maximumprincipal stressplot for an undamaged section

Comparing the principal stress plots for the damaged and undamaged sections, it can be seen that the
maximum stress in the undamaged section is over three times as much as that in the repaired section.
The results indicate titae overalstiffness of the model increaseth the application of the

bonded bolted combination repair.

12



6.0 Validation

In order to validate the results, a patch test was used. This was so because results directly related to th

type of analysis performed along with the composite layup, loading conditions, and assumptions made
were not readily available. However, if anegliepasses a patch test, convergence is guafadjteed

The patch test is based on the requirements that an element must accommodate rigid body modes a:
well as constant states of strain. It verliigsain arbitrary patch of assembled elements reproduces the
behaviour of an elastic body when subjected to displacements and forces consistent with constant stres:
and strain. The type of patch test performed was the displacement patch test andt thie wlgnten

the test was performed was the skin which was meshed with triangular (tetrahedral) and quadrilateral
mesh elements.

6.1 Displacement Patch Test

This test can be used to determine if the elements can represent rigid body motion and ateonstant st
of strain[14] by applying boundary displacements. The process involved applying an arbitrary
displacement of x = 10mm to the nodes on the boundary of the element while keeping the
displacements in the other directions (x and z), and the forces as zero. To pasisetltongstited

x- and z displacements along with the strains at the node located as $higuneiBhad to be zero.

Sample rests from the test arshown inFigure2 and it can be seen that the element passed the

displacement test

1000.00 () g
=

250.00 750.00

Figure 18: Central node on element for patch test
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Table2: Sample resultsrbm displacement patch test

Element | Number i i
Number Displacement (mm) Strain (mm/mm)
Mesh type size of
of nodes
(mm) elements X y z X y z

Quadrilateral

Dominated 40 90480 96760 | 10 | 7.85e09 | 1.0%10 | 7.7e1l1 | 1.7e1l0| 5.6ell

[Linvahndeal)

Triangles 190960 | 101885 | 10 | 4.72-09 | 7.5611 | 1.1e10 | 2.1e10 | 7.4ell
(Tetrahedral)

Using the results from the displacement patch test, it was determined that combining the triangular and
guadrilateral mesh elements allowed for the use of less elements in the analysis which in turn would
reduce computational time without sacrificingdberacy of the results and as such this method was

chosen as the primary method of meshing.

14



7.0 Discussion

A closer look at the stress and displacement probes placed centrally on the fuselage skin gives a clear
picture of the results from the analySigurel9 shows the principal stress plot comparisons. The
deformation and principal stress in the damaged region increased by approximategn 10% wh
compared to the undamaged region. One of the advantages of the bonded repair is that the stacking
sequences and materials of the repair can be chosen to match that of the parent structure materials. Thi
is intended to reduce the discontinuity in ptagsebetween the parent structure materials and repair
patch and could be one of the reasons for this small change in the properties. It may also be possible to
reduce further the difference in deformation and stress by reducing the scarf angleiobthehispa

would also require the removal of more undamaged material from the structure. One assumption made
during the model definition was that the contact between the patch and the parent structure was bonded.
This meant that the contacting surfaces a&sumed to be glued together in the program during the
analysis. It must be noted, however, that the stacking sequence of composite adherends may influence
the scarf joint strength and stress resulting irunidorm stress and shear distribution. 8eeaf a

bonded contact type does not account for this variation in the strength and stress and therefore
represents a simplification of the joint.

a) b)
Figure 19: Principal stress plots with centrally placed stress probesig)aired section (b) undamaged section

A look at the inside of the fuselage at the interface between the bolted titanium straps, the repair frame,
and the parent structure indicated that there was also a 16% reduction in the defaitmeatsmaiin

and a 2.5 times increase in the maximum principal stress as compared to the undamaged structure
Unlike with the bonded portion of the repair, there is a greater discrepancy between the material
properties in the bolted repair region due tepoesof both metal and composite materials. This could
mean that the bolted repair region is less ductile than that of the bonded region which would explain
the reduction in the deformation and the corresponding increase in the stress. In additsamdbe pre

15



of drilled holes would also create concentrations of stress in the area which could also explain the

discrepancy.

b)

Figure 20: Deformation plots with probes at the bolted repair interface (a) repairedction (b) undamaged section

a)

The stress in the repaired structure is below the allowable stress for the carbon epoxy composite and
titanium materials which would be used to indicate that the design did not fail. However, since only one
type of loading veatested, the model would also have to be subjected to the compression and twisting
loads experienced during flight along with fatigue loads to simulate years of use in order to get a more
comprehensive picture of the integrity of the repair.

16



8.0Conclusion

The goal of this project was to propose and apply a repair methodology for a damage to a fuselage
which penetrated the skin and reached the underlying stringers, frames, and shear straps. The
combination of a scarf type bonded repair alongaviathited repair was used because it allowed for

the preservation of the aerodynamic integrity of the structure on the outside of the fuselage as well as
the production of a repair whose strength could be closer to that of the undamaged structure. The
bolted repair utilized on the inside of the structure allowed for the easy joining of the frameas and shea
straps without introducing undsigess, strain, and unnecessary weight to the damaged region. The
stress and deformation in the bonded repair inct®a&68é when compared to the undamaged model

but a further reduction could be realized by decreasing the scarf angle of the repair. The only drawback
of this is that it would require the removal of more undamaged material from fuselage. In order to
obtaina clearer picture of the suitability of this design, fatigue, bending, and torsional loads along with

the modelling of the adhesive layer would have to be incorporated into the analysis.

17



Appendices

AppendixA- FEMInformation

Number oftotal nodes 2854678
Number of contact elements 747798
Number of bearing elements 2569742
Number of total elements 3317540
CP Time (sec) 9590.766
Element type SOLID187
Contact name CONTAL174

Element Typ® SOLID187(quadratic order)

The SOLID18%lement typésed-igure?l) is a higher order 3D, -tidde elemeriLly. This element

type has quadratic displacement behaviour and features 3 degrees of freedom at each node. In addition,
it also has plasticity, hyjgasticity, creep, stress stiffening, large deflection, large strain, and mixed
formulation capabilities for simulating deformaténsarly incompressible elastoplastic materials and

fully incompressible materigl§.

Figure21: SOLID187 element tyda5]

Contact Typ® CONTA174

CONTA174 is used to represent contact and sliding between 3D target surfaces and a deformable
surfacg1g. This element type also has three degrees of freedom abdssahd has the same
geometric characteristics as the solid element face between which it is onected

18



AppendixB - Meshing

19

































