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ABSTRACT

The increased use of composite materials for primary structure in the next generation of
civil aircraft means that a robust methodology for the in-service repair of composite
components will be critical in the next few years.

Bolted patch repairs currently look to be the simplest solution, but this option has penalties
with regards to structural efficiency, weight and aerodynamic performance. Therefore the
development of viable bonded repairs as an alternative is something of significant interest.

This work forms part of a multidisciplinary research program with teams from Swansea
University and Airbus Operations researching these repair methods. The main aim of this
particular work package is the research and development of analysis techniques for bonded
repair solution designs.

A literature review analysing the possible forms of damage that aircraft sustain, general
considerations for repairs and a study of current repair methods was carried out. Particular
interest was placed on the bonded scarf repair method, as it appeared to be the best
currently available method.

Commercial Finite Element Analysis packages were employed to create and analyse
detailed numerical models of various bonded repairs. Several studies were conducted
investigating both full depth scarf joints and partial depth scarf repairs. Investigations were
conducted to ascertain the sensitivity of certain variables and manufacturing inaccuracies
and the effectiveness of novel concepts.

Analytical methods for both full depth joints and partial depth repairs were proposed that
offered good correlation to mechanical testing. These accounted for peaks in stresses
attributable to features in the bondline. Additional factors were also identified that could
improve the analysis methods further by accounting certain features such as layup.

The numerical modelling also advanced onto a full 3D analysis that was qualitatively
compared to a mechanically tested specimen. Again, good correlation was achieved.

Conclusions were then gathered and recommendations for future work proposed.
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Introduction

1. INTRODUCTION

1.1 Background

Recent years have seen a significant increase in the use of composite materials being used
in several industrial sectors, none more so than in aerospace. These materials have several
significant advantages over their metallic counterparts allowing lighter, stiffer and more

resistant structures to be built. Other advantages include:

e Excellent stiffness and strength to weight ratios;

e Resistance to corrosion;

e Increased resistivity to fatigue;

e The ability to tailor the laminate for the required mechanical properties in specific
directions;

e The ability to more easily create smooth aerodynamic profiles;

e The ability to create large integrated components, which has the added benefit of

reducing part numbers.

Indeed, their dominance in new aircraft structures is only set to increase [1], with other

industrial sectors due to follow this trend.

Composites are by no means a new concept, with evidence of artificial composites seen
throughout history; from ancient Egyptian papyrus, made from fibrous reeds coated with
pitch [1], to the wattle and daub walls of Celtic roundhouses, to the composite bows used
by the archers of Genghis Khan. Wood can also be considered as a naturally occurring
composite due to it having strong cellulose fibres bonded together by a protein like

substance called lignin [1].

Thankfully the materials have advanced considerably from the days of wattle and daub
where a mixture of dung, mud and straw was plastered over woven willow frames, but the
concept for making composite materials remains largely the same. Two or more physically
distinct materials are combined or mixed in such a way so that a reinforcement is
distributed in a defined manner within a matrix, thereby creating a new, stronger, stiffer,

improved material.
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The increasing use of composite materials does pose some difficult problems to overcome;
indeed it may be that the apparent growing trend of using composite materials may
eventually lead to significant problems with regards to maintenance. Currently, bolted
methods are the only option available to engineers when repairing primary structure made
of composites. However, the use of mechanical fasteners and the machining of bolt holes
may damage laminates further and can lead to significant complications to the

performance of the structure as a whole.

An alternative method that may allow significant benefits over the use of mechanical
fasteners is to use structural adhesives in bonded repairs. The advantages of their use

include:

e Improved load transfer;

e Improved aerodynamic profile;

e Reduced weight;

e Improved aesthetics;

e The elimination of galvanic corrosion;

e The possible elimination of through thickness machining [1].

The aim of this work is to investigate the current repair methods used on composite
structures and identify a method that could viably be used in the aerospace industry. This
identified method will then be analysed in order to ascertain its behaviour in various
different configurations and to develop accurate sizing methods. Any viable improvements
that can be identified will also be investigated. This work, along with parallel investigations
[2, 3] into the mechanical behaviour and the realistic implementation of a bonded repair,
will propose a viable and technically mature concept as an alternative to mechanically

fastened configurations.

1.2 Objectives

The aims of this work are:

Detailed analysis of current repair methods used on composite structures;

e |dentification of the best bonded repair configuration for a composite laminate;

e Investigation of this configuration in full depth joints as well as partial depth
repairs;

o Development of accurate and reliable analytical methods;
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e Investigate of manufacturing effects and inaccuracies on the performance of the
identified repair configuration;

o Identification and analysis any realistic novel improvements;

1.3 Outline of Work

This work will begin by discussing the various forms of damage that an aircraft will suffer

during its manufacture and operational life in Chapter 2. It will then go on to discuss:

e the various repair methods currently used on composite structures, including
mechanically fastened, the use of repair resin and the adhesive bonding of repair
patches in Chapter 3;

e the additional considerations that must be accounted for when repairing a
composite structure, including airworthiness certification, the effect of moisture,
the interaction of other repairs and the increased training requirements of repair
technicians in Chapter 4;

e a detailed investigation into the scarf repair configuration in Chapter 5, which
discusses the design of scarf repairs, both in co-bonded and pre-cured
configurations, the analysis methods associated with them and the factors that may
affect their efficiency;

e the mathematical methods used to analyse composite structures, including Finite
Element Analysis (FEA) and Classical Laminate Theory (CLT) in Chapter 6;

e initial model building and the analysis of various resin and bonded repairs in
Chapter 7;

e the development of a simple analytical method to analyse a full depth scarf joint,
which is then developed further to account for various configurations in Chapter 8;

e an investigation of scarf joints in Chapter 9, including the effect of adherend
alignment and adherend tip geometry with computational, analytical and
mechanical test results being compared, along with a sensitivity study of certain
variables;

e the analysis of a partial depth scarf repair, including a comparison against an
unrepaired equivalent in Chapter 10. A comparison of partial depth repairs is made
to full depth joints and a sensitivity study is also carried out;

¢ the development of the Scarf Repair Analytical Method, or SCRAM in Chapter 11;
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an investigation into the various manufacturing effects that may affect the
performance of a repair in Chapter 12;

novel concepts, including overplies and the variation of scarf angle within the repair
in Chapter 13;

3D computational models in Chapter 14, analysing load bypass and the effect of
alternative loading will have on a repair.

the conclusions gathered from this work, including the achievements and proposed

further work in Chapter 15.
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2. DAMAGE

Damage is inevitable. It will eventually affect a system in some form or other, either by a
slow, drawn out process such as fatigue, or by some sudden event, like an impact.
Obviously, this damage will affect the efficient operation of the system and will require
some remedial action. A well designed and executed repair can restore a system back, or
near to, its full potential. A poor repair on the other hand, can exacerbate the damage,
weakening the system further and possibly cause premature failure. This chapter will
investigate the most common damage types to aircraft as well as the terminology used to
describe them. Damage statistics and common sources will also be discussed and currently

used damage detection technologies will be briefly outlined.

2.1 Statistics and Sources

A statistical study on the frequency and location of damage on a fleet of short range aircraft
revealed that statistically, the passenger and cargo doors and the wings were most
susceptible to damage. The most common causes of damage are attributable to the ground
support infrastructure. Figure 2-1 should show that this is unsurprising, considering the
hive of activity around an aircraft as well as the strict time constraints on preparing it for

departure.
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Figure 2-1: Diagram of an aircraft's ground support infrastructure that can possibly cause damage [4]
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The damage to the passenger and cargo doors was commonly caused by passenger ramps
or stairs and by cargo pallet loaders. Bulk cargo doors usually suffered damage from the
cargo belt loader getting trapped against the fuselage as the aircraft was loaded. The
increase in weight cause the aircraft's landing gear shock struts to compress and trap the
belt loader. Minor dents can also be caused by the bumpers of the passenger door ramp or
stairs impacting the side of the fuselage. These usually fall within the Allowable Damage
(AD) limit but they still require an appraisal and a Structural Repair Manual (SRM)
consultation, which can cause delays [5]. Allowable Damage is given as the amount of

damage an aircraft can sustain and still operate [1].

Aircraft wings suffer a wider variety of damage than the fuselage. Bird strikes tend to
impact and damage the leading edge slats. 'Thread-throw' from the landing gear tyres and
‘pebble damage’ from runway debris can affect the lower surfaces of the inboard trailing
edge flaps. Vehicles can also damage the wing tips and personnel manoeuvring access
platforms tend to cause scratches and gouges, mostly on the underside of the wings, close

to the engine pylons.

At the time that the study was conducted, 77% of reported events were within Allowable
Damage (AD) limits, of which 53% had a 3,000 Fatigue Cycle (FC) limitation. The remaining
23% were beyond AD limits and required an SRM repair before further flight.

The United States Air Force (USAF) also conducted a study of aircraft damage in 1989 [6].
Using a wing of 72 aircraft, with an attrition rate of 1-2% per sortie and an 8% damage rate
per sortie, it was found that less than 10 aircraft would remain available after 10 days of
conflict [6]. Using a moderate repair rate of 50% of the damage repaired in 24 hours and
80% in 48 hours, 30 aircraft would be available within the same 10 day conflict period [6].
Despite this work being military in nature, these figures could be adapted for the
commercial aviation market and possibly used to highlight the need of an efficient

composite repair process.

2.2 Damage Types and Terminology

The damage types that composite structures experience can be very different to those
encountered by their metallic counterparts. While some damage types, such as fatigue and
corrosion are not usually associated with composites, other forms of damage such as

moisture ingress and lightning strike can be particularly problematic. This section seeks to
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briefly describe the damage types associated with composites and the risks that they may

pose.

2.2.1 Scratch and Gouge

Scratches and gouges are, as the name suggests, shallow forms of surface damage. They
are caused by a wide array of events, such as impact from a tool during manufacture or

maintenance or from runway debris during operation.

This type of damage usually results in the removal of a small amount of material and is
usually treated as such analytically. These damage events can act as stress concentrators
and are a very common form of damage that usually affects the underside of an aircraft's
wings. It can often be repaired by a cosmetic patch, however if the damage is deep
enough, a general rule is approximately 2mm to 3mm deep, a bolted repair patch would be

necessary [7].

An alternative to the scratch and gouge method is to assume that the damaged area is an
open hole and analysis techniques can be used to calculate the bearing bypass of the
laminate strength. Generally however these are conservative methods and have only been

used to analyse secondary or non critical structures.

2.2.2 Lightning Strike

On average an aircraft gets hit by lightning once a year [8] and the damage usually consists
of pits and burns of limited depth at the lightning entry and exit points. The aircraft's
occupants are usually unaware that a lightning strike has taken place in metallic aircraft

unless substantial damage occurs, so it is usually only noticed during checks or maintenance

(8].

Composites are anisotropic materials and as a result electrical dissipation during a lightning
strike can be problematic [9]. Conductive materials are usually incorporated into a
composite structure to improve this. These are usually sacrificial in nature and require
replacement or repair once a lightning strike takes place. Static discharge wicks are also

added to certain structures to aid in electrical dissipation [10].
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Figure 2-2: Static Discharge Wicks on the wingtip of a Boeing 737 [11]

Metallic fasteners can also be a concern with regards to lightning damage [9]. If lightning
attaches itself to a fastener, which is somehow separated from the aircraft skin by a small
air gap, a spark gap could be formed [9]. If lightning travelled into this spark gap, it would
ionise the air and produce a plasma arc [9]. This would exit the gap with extreme force and
cause severe damage to the surrounding structure [9]. It could even cause a catastrophic

failure of the aircraft if the plasma arc ignites fuel vapours within the fuel tank.

2.2.3 Impact Damage

Impact damage can take place in service, during maintenance and during manufacture. The
causes are varied and can be as dramatic as a bird strike or as mundane as a dropped tool.
In service, damage can come in the form of hail stones, debris or even ground service
vehicles. Hail can be particularly damaging to thin structures and can cause dents or
punctures. Most hail damage does fall within the AD category; however there are
examples where the damage can be quite severe [12]. This is especially true for thin
structures and disregarding this damage can cause extensive degradation and stiffness loss
[12]. A bird strike can also be quite damaging to the aircraft, especially to the engines.
However according to [13] only 20% to 30% of bird strikes are reported. This could be due
to the fact that the crew are unaware of the bird strike or simply because of the
inconvenience in reporting such an incident [13]. Impact damage can also be caused by
debris on the runway and can lead to significant damage or total loss of the aircraft. The

Concorde disaster in Paris on the 25th of July 2000 is an example of this [14].
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Figure 2-3: Impact damage from Bird strike and Hail [15, 16)

These impacts may cause dents in metallic structures, but this generally isn't the case in
composite structures. Instead, the damage is most likely to be far more subtle and be in
the form of delamination , which can significantly reduce structural integrity [17]. Under
tensile loading, the strength reduction is caused by fibre cracking and can be estimated by
using a net section failure calculation [17], The reduction of strength under compressive
loading is due to plies delaminating further and stress being redistributed into them, which
then causes these plies to buckle and fail [17]. Calculating the stress in the still intact part
of the laminate can be used to predict the failure [17]. Delamination will most likely occur
around fastener holes and within the skin of a structure during manufacture [18]. In service
however, delamination can occur throughout the structure and is usually caused by low

velocity impacts [18], which can cause complex patterns of matrix and fibre cracking [17].

Usually, delaminations are repaired by mechanical fasteners, however there are several
disadvantages to this form of repair [20]. The most notable drawback is its invasive nature,

which could enter fuel areas and cause potential lightning induction risks [21].

2.2.3.1 Barely Visible Impact Damage (BVID)

Barely Visible Impact Damage, or BVID, is damage that cannot be easily discovered by

conventional inspection techniques, but it is assumed to be present in all aircraft structures.

10.
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Most of these defects do not affect the component structurally or otherwise and fall within

the Allowable Damage (AD) limits.
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Figure 2-4: Explanation of the Concorde Charles De Gaulle crash of July 2000 [19]

BVID is a variable level of damage and is dependent on the structure that is established
prior to the design phase of every composite component on the aircraft [1]. It is usually too
small to be detected by standard inspection techniques or is smaller than reasonably
expected during service or manufacture. The likelihood of this damage happening is 10

5flight hour [1].

11.
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Due to the brittleness of composite materials, low velocity impacts can cause delaminations
inside the laminate, but leave the outer surface seemingly undamaged [18]. This is a good
example of BVID. This type of damage can lead to significant reduction in local strengths
and can slowly grow under alternating or fluctuating stress [18]. This will lead to a loss in
stiffness and ultimately could lead to failure [18]. It is therefore important to detect and
monitor damage in highly loaded composite components to give early warning of
deterioration and allow well timed maintenance of the structure [18]. Despite this, BVID is

unlikely to occur in carbon fibre composites subjected to realistic cyclic strain levels [22],

2.23.2 Visible Impact Damage (VID)

VID is defined as any damage greater than BVID. This open description encompasses a wide
array of damage from scratch and gouge to punctures and corrosion. Usually this can be

found by simple visual inspection, so the use of NDT may not be required to detect it.

2.2.4 Foreign Object Damage (FOD)

FOD is again, a fairly open description of damage, encompassing a wide variety of causes
and effects. Foreign objects describe an intrusive and unwelcome addition or ingress into a
structure or component. In composite materials FOD can take place both in manufacture
and in service. If FOD avoidance practices are not enforced, the laminar nature of
composite component construction can allow unwanted inclusions. This can be limited by
using a clean room to ensure that environmental additions are limited. However, accidents
happen and objects such as scalpel blades, latex gloves and other laminating tools have

been unintentionally added to a laminate, as can be seen in Figure 2-5:

Figure 2-5: Example of FOD encountered in Manufacturing, a latex glove accidentally incorporated into a

composite laminate

12.
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These inclusions have to be removed from the laminate and a concession repair made in
order to ensure the integrity of the laminate. Tools being dropped or impacted against the
structure can also be classed as FOD. Damage from this could cause scratches, gouges or
BVID and will have to be addressed appropriately. It seems that FOD is possibly the most
avoidable form of damage as effective management would avoid a great deal of damage

risk.

2.2.5 Environmental Damage and Ageing

Despite the high resistance that composite materials have to fatigue [23], it is possible for
them to deteriorate over time via other means. One form of ageing comes from exposure
to Ultra-Violet (U.V.) radiation [1]. This should only affect the outer 0.5mm of a component
at most, however U.V. degradation can cause a loss of modulus at the surface and a
reduction of compressive strength [1]. Modern resins however now incorporate U.V.

stabilisers which should limit this [1].

Heat can also cause severe damage to composite components [1]. Heat damage can be
caused by the improper use of heat guns or blankets and by lightning strike, which can
reach temperatures as high as 700°C to 1000°C [1]. Such temperatures can vaporise the
resin completely exposing the reinforcing fibres and severely damage the laminate [1].
Thankfully, heat damage is usually easily spotted visually from scorched, burned or

blistered paint [1].

Fluid ingress is possibly the most common form of environmental degradation seen in
composites [1]. This is especially true for sandwich structures. This damage can be caused
by either water or from internal chemicals such as fuel and Skydrol [1]. Chemical damage
will affect the molecular structure of the resin and can be expected to reduce the modulus
and strength of the composite [1]. It can also lead to a reduction in the resins glass

transition temperature or T, [1].

Moisture ingress is particularly damaging to sandwich structures and can cause substantial
degradation to the internal honeycomb structure [1]. For monolithic structures, this is not
as critical, as research has shown that the water moisture absorbed over the service life of
an aircraft is, at most, half the amount absorbed by a totally immersed specimen [1].
Despite this, moisture ingress should always be monitored and action taken if it is found [1].
Studies have also been conducted to analyse the effect of moisture ingress over time and to

improve the design of laminates to resist this.
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2.2.6 Failure Modes of Composite Laminates

If damage is not addressed, then eventually, failure will occur. Failure in metallic materials
is well understood and established, however the failure mechanisms for composite
materials are more complex and the understanding is not as mature. The prediction of
failure is a vital aspect for any structure. This is especially so for aircraft as they contain

highly loaded components, many of which are crucial for operational safety.

There are 4 main failure modes for composite laminates: fibre buckling; fibre breaking;
matrix cracking and delamination. It is also feasible that a failure could occur using a

combination of these failure modes [5].

Fibre buckling Fibre breakage Matrixcracking Delamination

L 11
LLL I|Il
0| i

PROEVEIED
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Figure 2-6: 4 main failure modes of laminates [5]

The fibre buckling failure mode is dominated by local fibre buckling or micro-buckling of
fibres. This may not lead to an immediate failure of the composite however, as the matrix
surrounding the fibres may take some load [5]. As a result, the onset and magnitude of
buckling is dependent on the properties of both the fibre and matrix, as are the resulting

loss of the compressive properties of the laminate [5).

Primarily, fibre reinforced composites are used to carry tensile loads. This is due to the
fibres offering superior tensile properties compared to metallic alloys [5]. As a result, fibre
breakage is a common failure mode [S5]. However, fibre breakage does not necessarily
mean immediate failure, as the main advantage of incorporating these fibres into a matrix
is that when the fibres break, the matrix transfers the load around the break and back into
the fibre [5]. This ‘fibre bridging’ is why composites are far stronger than comparable dry

fibres [5].

Matrix cracking is a frequent problem in composites [5]. Despite not usually resulting in

ultimate failure, it does however severely compromise the effectiveness of the laminate

14.
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and allows several problems to manifest themselves [5]. Increased moisture absorption
and stiffness reduction are some of the problems, but possibly the most damaging is the

crack propagating into the interlaminar region, which leads to delamination {5].

Delamination is the process of individual laminates separating from each other [5]. This can
take place in both manufacturing and in service, and is usually caused by an impact [5].
Delamination is a serious problem for a laminate as the bending stiffness and strength, as
well as the load carrying capabilities, is reduced [5]. This is especially true under
compression [5]. The delaminating crack can propagate further with cyclic loading and, as
in metallic materials, once a critical length has been achieved, a rapid loss of strength

occurs, which would undoubtedly lead to early and possibly catastrophic failure {5].

2.3 Damage Detection

Visual inspections are often carried out on aircraft pre and/or post flight. This is the first
and most obvious method of damage detection [1]. This may well detect some forms of
damage; however as has been mentioned previously, damage to composite structures may

be more subtle and require more advanced detection techniques.

A simple test that is suitable for certain thin structures is the aptly named ‘Tap test’ [1].
This involves tapping a structure with an object, for example a coin or a specified tap
hammer or tool. If certain types of damage exist, for example delamination, they could be
found by lightly striking the structure and listening for an abnormal tap noise. However,
this is a highly subjective test, and cannot be used everywhere or detect small defects, such
as voids or minor moisture ingress [1]. It is unsuitable for thick laminates and is only able to

detect delamination in the first few plies of a laminate [1].

More sophisticated methods have also been adopted for damage detection, chief among
which is ultrasonic testing. This method is probably best known for its medical applications,
such as imaging foetuses in the womb, but can also be applied to the analysis of composite
structures. This technique relies on an ultrasonic signal being transmitted through the
specimen and measuring its attenuation [1]. Many variations of this method exist, such as
through transmission and pulse echo shown in Figure 2-7, but all rely on the basic principal

of attenuation measurement.
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Figure 2-7: Methods of ultrasonic inspection a) Pulse Echo; b) Through Transmission [22]

Ultrasonic waves transmitted through a component will be reflected or scattered by any
defect that varies the acoustic impedance [22]. The measured difference between
transmitted signal energy and that received provides information on the presence of any
defects in the component [22]. Any damage, such as delaminations, voids and cracks that
are planar to the surface, or normal to the propagated pulse will cause a loss of attenuation
in the transmitted signal [22], as shown in Figure 2-8. This data can then be used to find the

location, extent and depth of the defects in a laminate [1].
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Figure 2-8: Representation of sound wave response to defects in a composite laminate [22]

Two common methods of ultrasonic inspection used are A-scan and C-scan [22]. There are
some operational differences with their own advantages and disadvantages, such as speed
and ease of use. The only real difference however is the presentation of results. An A-scan
shows the distance-amplitude of the transmitted sound through the thickness of the
component at a single point, which can be displayed on an oscilloscope [22]. An example of
which can be seen in Figure 2-9. C-scan on the other hand provides a plan view of the
component, as can be seen in Figure 2-10 [22]. The information gathered from the
movement of the transducer/receiver across the component is combined with the distance-
amplitude information and is displayed as a video image [22]. A coloured scale is usually

used to represent different levels of sound transmission based on a calibration [22].
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Figure 2-9: Schematic of an A-scan showing the scanning of a damaged specimen and the output seen on an

oscilloscope screen [22]
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Figure 2-10: C-scan results of composite laminate with a bonded scarf repair, the bondline is clearly visible as

the green circle in the centre of the specimen [2]

Work carried out by [24] confirms this and shows that impact damage and propagation
could be mapped out and quantified using ultrasound. The authors of [24] also explored an
alternative method: Infra-red Imaging. This method could detect the impact induced
damage and indicate its growth under spectrum loading [24], However accurate sizing and
quantification could not be achieved, but qualitative information was ascertained in a

shorter time [24], Other alternative NDT methods are emerging and are becoming
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increasingly available, an example of which is thermography. This NDT method uses heat
sensors to measure heat variations in a component [22]. These variances in thermal
capacity or conductivity are usually indicative of disbonds or delaminations [22]. The main
advantages of this method are the high scanning rates and the use of non-contact sensors
[22). However, there are several limitations to this technology, chief among which is the
failure to match the quantitative capabilities of ultrasonic methods, despite being able to

provide good qualitative assessment [22].

It should be considered that ultrasonic testing is the only currently certifiable method that
can be used on bonded joints or repairs [25]. There are some disadvantages to this
method, for example a form of coupling must be used between the transceiver and the
component to be tested. This can be in the form of a gel or water and can cause
contamination of the component [1]. The use of ultrasonic testing also requires highly
trained experienced operators due to the complex nature of this task [1]. Calibration is
required for each material and thickness used, as is careful interpretation of results,
especially when analysing honeycomb sandwich structures [1]. Another problem that may
be faced is that, depending on the choice of scanning technique used, the component may
have to be removed from an aircraft as access might be required to both sides of the

component.

2.4 Damage Tolerance

Manufacturers are increasingly under pressure to lower operational and maintenance costs
and to design aircraft with longer operational lives, longer intervals between inspections
and shorter inspection durations [26]. These improvements will require an increase in the
aircraft's damage tolerance, which is not a simple task as it tightens the design

requirements considerably [26].

Using adhesive bonding instead of mechanical fasteners allows the service life of the
aircraft to be improved, thereby making the concept an attractive one [26]. A study carried
out by [27] suggests that creating a database covering a range of damage scenarios will also
allow better composite structures to be designed accounting for improved damage

tolerance which could augment the effectiveness of the composite materials used further.

18.



Damage

2.5 Summary

The damage scenarios that an aircraft would likely suffer during its lifetime have been
investigated in this chapter. It can be seen that multiple damage scenarios exist, both from
manufacturing and operational environments. These were described along with associated

damage limiting methods.

It was found that damage would most likely occur during ground operations, which when
considering the amount of activity coupled with the pressure of strict time constraints in
turning the aircraft around, is unsurprising. Detection methods used in investigating

possible damage were also briefly described.

Once damage has been detected in a structure however, a repair must be designed. This
can come in the form of a bolted, resin or bonded repair, depending on the factors involved

and are described in Chapter 3.
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3. REPAIR DESIGNS

Once the damage to a structure has been detected and analysed, a repair can then be
designed. Bonded repairs are closely related to bonded joints and similarly, bonded repairs
are by no means a recent concept, having been known of and used for many centuries.
They offer significant advantages over mechanically fastened repairs in terms of weight,
stiffness and geometric tolerances [28]. They can be manufactured to complex and
irregular geometries, have increased corrosion resistance and can potentially, be less
demanding on time than their mechanical counterparts [28]. The Australian Defence
Science and Technology Organisation has used composite repairs on aircraft structures for
the Royal Australian Air Force (RAAF) [29] and these repairs have, so far, been primarily

used on military aircraft.

During the infancy of aviation, adhesive bonding was the main mode of joining the aircraft's
wooden frames. The structures contained bonded scarf joints in the primary members and
wing spars were often constructed from laminated wooden strips [30]. Plywood, which can
contain a considerable amount of adhesive, was used for skins and shear webs and
transferred their load entirely through bonded joints [30]. Mechanical fasteners were only
really used in areas of relatively high load intensity and to provide manufacturing breaks to
facilitate storage and repair [30]. There is even the suggestion in[30] that “our
grandfather's understanding of the respective uses of adhesive bonding and mechanical

fastening in aircraft structures seems to have been lost with the passage of time”.

Modern composite repairs have many applications and have been used extensively in the
repair of metallic aircraft, both civil and military, with several case studies being written on
their use and performance [31]. The marine sector has also seen examples where bonded
repair patches have been successfully applied to floating offshore units [32] and to ships
structures [33]. A study conducted by [33] have used such repairs on a ship in the Royal
Australian Navy (RAN) for 15 years and they have received positive feedback. The motor
sport industries, most notably the Formula 1 sector, have also embraced bonded composite

repairs [34].

The work presented by [34] describes 4 bonded repair schemes that can be applied to

composites and can be seen in Figure 3-1:
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1. Repair Plug
2. Resin Injection
3. Laminated Doubler Patch

4, Scarf Patch

Low modulus scaling patch Fill with adhesive and smooth with abrasive

Dcl<«initiation

Repair resin
Composite laminate Abrasions, cuts and scratches
I>ent  Vent hole

Doubler patch ; )
Composite laminate

Repair or replace core material R
Core material

Laminated repair patch

Parent l-ammatr

Figure 3-1: Schematics of bonded repair schemes described in [34]

The type of repair scheme adopted is highly dependent on a number of factors; time,
facilities and materials available are just a few examples. It is possible however that if only
one of these factors is not readily available or is unrealistic, it may be more feasible or

economical for a new part to be fitted, at great cost to the operator [1].

Current repair scenarios for an aircraft's primary structures require a bolted repair scheme,
as bonded repairs are not currently certified. These bolted repairs are considered a
baseline to bonded counterparts and any advantages or indeed disadvantages are usually

measured against them.

This chapter will investigate currently viable repair scenarios and designs, outlining their
advantages and disadvantages. A selection of the best suited repair design for further

investigation and analysis will also be made in this chapter.
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3.1 Bolted Repairs

Bolted repairs are seen as an easy option as they require fewer resources and are
logistically simpler [35]. Despite this, there are numerous disadvantages to a bolted repair

scheme.

The very act of creating the holes for a bolted repair in a composite structure causes further
damage, increased weakening of the structure and stress concentrations. Over tightening
the bolt is also a cause for concern, as this could damage the parent structure even further

[35].

There is also the question of load transfer. When using bolted repairs, the load is not
usually passed from the parent structure to the repair; it instead passes around the edges
of the repair, almost as if it were an open hole. This is of course far from ideal and there is
a growing consensus that the use of a bonded repair would be far superior to a bolted

solution [29].

Indeed the use of temporary bolted repairs can sometimes ruin panels, leading to their
scrapping [1]. This is of course unacceptable and will cost the operator considerably more
money than simply replacing it in the first place. Despite this, permanent bolted repairs are

used and are precisely detailed in the SRM [1].

According to [36], bolted joints or repairs have 5 main failure modes . These are: Tension;

Shear out; Bearing; Cleavage and Pull Through, which can be seen in Figure 3-2:

=< o

Tension Shear-out Bearing
-m- #
Cleavage Pull-through

Figure 3-2: Bolted joint failure modes [36]

The authors of [36] continue and state that the width, distance from the centre of the bolt
to the joint edge (edge distance), the bolt hole diameter and the laminates thickness have a

significant effect on the strength of the joint. It has been noted that as width decreases,
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the failure modes switch from bearing to tension, which leads to a considerable drop in the
joints load capacity [36]. A similar relationship exists between the end distance and the
shear out failure modes. As end distance decreases, the bearing failure mode changes to a

shear out failure, with a corresponding reduction in joint strength [36].

The authors of [37] describe the effect that ply orientation has on bolted joints. They refer
to a study where the author [38] describes the increase in bearing strength of a laminate
comprising of 0° and 90° plies by adding +45° plies. This increase was apparent until the
+45° accounted for 75% of the total laminate thickness. It is considered by the author [38]
that the presence of the +45° reduces the stress concentration factor. This effect of layup
on the bolted strength and failure mechanisms was also apparent for Glass Fibre
composites [39]. Separate studies [40, 41] conclude that shear out failures were prevalent
for laminates both rich in 0° plies and deficient in 90° plies. It was also concluded that shear
out and bearing strengths were maximised for quasi-isotropic laminates. These studies
lead the author [40, 42] to state that, as a general rule, “there should be no more than 38%
nor less than 12.5% of the fibres in any one of the basic laminate directions: +45° 0° and

9 00' »n

The influence of the fastener type is also noteworthy on the joint strength [36]. A
multitude of mechanical fasteners exists for metallic joining, however, the number of
fasteners suitable for efficient composite joining is limited in comparison [36]. The typical
fastener types used are screws, rivets and bolts, with the selection of fastener type being
dependent on the application [36]. Rivets have the drawback of imparting a variable lateral
clamping force, which is obtained during installation [36]. The most efficient mechanical
fastening technique for composites appears to be bolts, which have the added bonus of
allowing quick and easy disassembly if required [36]. Countersunk fasteners can also be

used, however when compared to bolts, these don't appear to be as efficient [36).

The authors of [36] state that there is no definitive method to predict bolted joint strength.
Some methods do produce good results for certain laminate configurations and failure
modes, however extrapolating these to other situations is not usually possible. They also
state that bolted joint methods that are based on boundary stresses and failure theories
are simple to implement, but do not take the localised damage into account [36]. This
results in an underestimation of the joint strength and the added disadvantage of being

unable to predict failure modes [36].
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Some rules of thumb for the design of bolted joints are proposed in [41]. This work states
that the bolt diameter should be roughly equal to laminate thickness; bolt bearing strength
is sensitive to through thickness clamping and peak hoop tension stress around bolt holes is
roughly equal to the average bearing stress [41]. Optimisation methods were also
suggested, for both single row and multiple row joints. Single row joints have an optimum
ratio of component width to bolt diameter of 3:1. Multiple row bolted joints have variable
ratios. For the first row of the joint, there is a width/diameter ratio of 5 to minimise load
transfer in that region, the last row should have a ratio of 3, to maximise load transfer in
the region. For all other intermediate rows a width/diameter ratio of 4 exists [41]. The
author of [41] also mentions that an optimum single row joint has approximately 75% of

the strength of an optimised 4 row joint.

However, the author of [41] does state that many composite bolted joints are badly
designed, containing too many bolts or spaced too far apart or even using bolts whose
diameters are too small. Another problem is that bolt bending is more significant for
composites than it is for metallic components, as composites are thicker for a given load
and more sensitive to non uniform bearing stresses because of brittle failure modes [41].
Further problems of bolted repairs were identified when compared to bonded by [43] and

can be seen in Figure 3-3.

Bonded Repair Mechanical Repair
-repair .
repair
stringer
[4 4 4 4 4~i stringer
_Jf t =t 444 444
* & g ox ff x4
; original crack 444 4444 x4
444 4%4 44 4
* x x 4 44 4 £ 4
-skin [ | 14
new crack
doubler
edoubler
No damage to structure or hidden components Stress concentrations at fastener holes
Minimizes stress concentrations Difficult to detect cracks under patch
Slow crack growth even on exit from patch Low patching efficiency, cannot patch cracks

High patching efficiency, can repair cracks

Can detect crack growth under patch
No corrosion problems, sealed interface

Rapid crack growth on exit from patch

Danger of corrosion under patch

Figure 3-3: Advantages of a bonded repair compared to a bolted [43]

It could be argued that one significant advantage that bolted repairs have over bonded is

the simple and minimal logistical requirements. The tools and materials required are
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internationally known and recognised. They are easy to procure and have a substantial
shelf life compared to composites. However, the potential weight, structural and

aerodynamic benefits of bonded repairs may significantly outweigh those of bolted.

Considerations should also be given to the practical impact of using bolted repairs on a
composite structure. As stated previously, the very act of machining composites can
weaken the structure. This weakening can be compounded if it is not carried out carefully
and correctly. An example of this is that of 'breakout' damage, see Figure 3-4, which is
caused when a drill is used to bore a hole through the thickness of a composite laminate
[44], This can result in significant delamination, splintering of the outer plies and fraying of

fibres.

Figure 3-4: Machining damage to a composite laminate, from left to right: breakout damage from hole
drilling, delamination and flaking after milling [45]

There is also the possibility that dull drill bits or incorrect drill speeds and feeds could be
used [44]. This can easily happen as carbon dust is extremely abrasive and the pressure
exerted by the operator during hand machining is inherently variable. The drilling of bolt
holes is especially difficult when a composite/metal stack up is used as residual metal chips
and excessive swarf can damage the hole [44], This also poses the problem that, if these

metal chips are left in the hole, galvanic corrosion could occur.

Galvanic corrosion is a concern that should be addressed whenever carbon fibre and
metallic components come into contact. This is especially true whenever the metal in
question is aluminium which are commonly used in aerospace due to their high strength
and lightweight, but they are susceptible to localised galvanic corrosion [46]. This can
cause pitting of the aluminium [46] and can lead to severe degradation. One method of
avoiding this is to apply sacrificial materials between the carbon composite and the
aluminium [44]. With regards to bolting however, only titanium fasteners are permitted

[44] for use in carbon fibre composites, due to its increased galvanic corrosion resistance.

Special consideration should also be given to the implications that the use of metallic

fasteners would have to the lightning strike behaviour of a composite structure. Being
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substantially more conductive than the surrounding material, the bolts would undoubtedly
attract any electrical discharge. If there are any gaps around these fasteners, there is a risk
that the current from a lightning strike may arc [9]. If this takes place within a fuel tank,
vapours could ignite and cause an explosion [9]. As a result, additional safeguards must be
applied to any bolted repair to a carbon composite structure. This usually involves
encapsulating fastener nuts or sleeves in plastic [9]. According to [3], Boeing will install
each fastener precisely and then seal it on the inside. They will also use a non-conducting
liquid shim or glass fibre to seal edges where wing skins meet internal spars to prevent
gaps, which could permit a phenomenon called ‘edge glow’, where electrons spray out of
gaps during a lightning strike [9]. This is likely to be very labour intensive and time
consuming and will require full access to the internal structure of the aircraft. Currently
metallic meshes and bonding strips are used as standard on composite aircraft to give the

current as many routes to safely exit the aircraft as possible [9].

3.2 Hybrid Repairs

Hybrid repairs are a combination of both bolted and bonded methods. One could imagine
that these repairs would offer the best of both worlds; however this is not the case.
According to [47], the combining of these techniques has been considered unnecessary in
terms of structural performance. The adhesives provide a stiffer load path and transfers
the majority, if not all, of the load, making the addition of a bolt superfluous, if not
detrimental [47]. The author [47] did however investigate these joints and concluded that
the performance of hybrid joints was dependent upon the washer design and its associated
clamping force distribution. In the same work, [47] also concluded that certain geometrical
parameters affected the load transfer that could be achieved by a hybrid lap joint. By
increasing the adherend and/or the adhesive thickness, the load transfer also increases.
However, the load transfer decreases if the overlap length, the bolt pitch distance and/or
the adhesives modulus is increased [47]. It was also found in [47] that the benefit of adding
bolts is greater if the bonded joints are flexible either by design or as a result of the
adhesive. A study by [48] agreed with [47] in that the washer design did indeed affect the
performance of a hybrid lap joint. Their study found that by using a square washer, which
represented full clamping to the edges of the lap joint overlap, was superior to that of a
circular washer, which only gave partial clamping. By using FEA in conjunction with this

experimental work, (48] concluded that the lateral clamping pressure applied by the bolt in
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the joint can significantly decrease the maximum peel stress at the joint interface,

improving the lap joints performance [48].

There are of course certain advantages to adding bolts to a bonded repair. Hybrid repair
methods have been shown to have higher static strength and longer fatigue lives than their
purely bonded counterparts [47]. The possibility also exists that the addition of bolts could
also provide improved resistivity from adverse environmental conditions, for example
elevated temperature and/or water ingress [35]. Improve damage tolerance and prevent a
catastrophic failure of the joint through adherend separation [35). This would be of chief

importance in certain regions of the aircraft, for example forward of the engine inlets.

3.3 Resin Repairs

As the name suggests, the repair methods described here rely on a liquid resin to repair
minor damage to a structure. While the scope of their use is somewhat limited by the size
and nature of damage and the operational requirements of the structure, they should

nevertheless be given consideration for minor or cosmetic repair.

3.3.1 Repair Plug

The repair plug is an old concept, developed to mend holes in ships and boats using wood,
wadding and pitch [35]. The materials may have advanced with time but the overall
concept remains the same. However, this repair scheme is now only used for minor surface
damage when the repair is necessary from a cosmetic or an environmental protection point
of view [34]. The aim is to retain loose fibres and to limit damage propagation [1]. Repair
plugs have already been successfully used on honeycomb panels using room temperature
curing resins [1]. Figure 3-5 and Figure 3-6 show the schematic and a real world application

of this repair technique.

Low modulus sealing patch Fill with adhesive and smooth with abrasive

Composite laminate —-Abrasions, cuts and scratches

Figure 3-5: Schematic of potted repair [34]
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Figure 3-6: A resin repair plug used to repair a small leak in a composite gearbox in a Formula 1 racing car

[34]

The only preparation required for this repair type is to fully clean the affected area. This
would then be filled with a potting compound and then made flush with the component
surface by abrading the excess [34]. A good practice when adopting this repair scheme is to
cover the repaired area with speed tape, so as to prevent, or at the very least, limit water
absorption [1]. Repair plugs are generally only recommended for small area damage,
usually <12.5mm in diameter, as anything larger would require core material replacement
[1]. It should also be noted that these repairs are generally only considered as temporary

repairs [1],

3.3.2 Resin Injection

As the name suggests, this repair technique involves the injection of a low viscosity resin
into the damaged area of a structure. This restores some local stiffness where the structure
has suffered a disbond or delamination [34]. It is considered a fast and inexpensive repair
technique and is popular in both aerospace and marine applications for both production
and repair [35]. Figure 3-7 and Figure 3-8 show a schematic and a resin injection repair

taking place on a CFRP component.

Repair resin

Vent hole

Figure 3-7: Schematic of a resin injection repair [34]
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Figure 3-8: Minor chassis repair using resin injection [34]

The repair method involves the drilling of two small holes in the component down to the
defect. One hole is used to inject the resin into the void, whereas the other hole acts as a
vent [34], According to [35], this vent can also be attached to a vacuum pump to aid the

repair process.

However, this repair scheme may not be as simple as suggested. The viscosity of the resins
used for this repair are generally too thick for easy injection [34]. There is also the act of
drilling the holes into the component, which could easily damage it further [34].
Sophisticated NDT methods are also required in order to measure with any certainty the
location of the damage and the success of the repair [34]. Another factor to consider is the
possible contamination of the internal surface. There is no easy way to remove
undesirables such as oil and if such a possibility exists, then this repair would be inadvisable

[35].

3.4 Bonded Repairs

Bonded repairs are those that are reliant on the use of adhesives instead of mechanical
fasteners. They are already used extensively in aerospace; however they have been limited
to secondary or non structural components. They are reliant on bonding patches to the
structure to allow load to be transferred across the damage region. Two main

configurations are commonly used: the lap or doubler repair and the scarf repair.

The author of [49] states that there are three critical steps in implementing a bonded

repair:

1. Design;

2. Material choice;
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3. Application.

It is therefore critical to gain an intimate knowledge of the design requirements for bonded
joints and repairs. A great deal of work has been conducted on the design of Lap repairs,
with a great deal of books and papers being written exclusively on this repair design. Very

little in comparison has been written on Scarf repairs.

Some rules of thumb for designing structurally efficient joint were outlined in [30]. These
apply to all forms of bonded repairs, but generally apply to lap joints. A selection of these

rules of thumb can be seen here:

The bond must be stronger than the adjacent structure to ensure that the bondline

does not act as a weakness;

e Adhesive bonding works best for thin structures;

e Proper surface preparation must be ensured;

e The best analyses are worthless unless the adhesive can be relied upon to remain
bonded;

e Laminates need to be dry before bonding;

e To ensure a durable bondline that resists creep, some of the adhesive must be
lightly stressed;

e Bonded joint overlaps are usually sized by the hot/wet environmental conditional;

e Bonded joint strength is usually lowest in cold environments where adhesives are
brittle;

e (Care should be taken to taper the ends of bondline overtaps down to 0.5mm thick,
with a 1:10 taper ratio. This is to ensure minimal peel in this region.

e Adhesives work best in shear and a worst in peel. Composites are even weaker in
interlaminar tension;

e Acknowledge that the simplistic rule where the strength of a bonded joint is rated

as the product of the total bond area and some uniform bond shear ‘allowable'

became obsolete once aircraft were no longer built of wood and fabric and that the

adhesive is no longer stronger than the structures being joined.

Other aspects such as an adhesive spew fillet around the edge of the joint or repair should
also be considered. According to work conducted by [49], an adhesive spew region can
reduce the magnitude of shear stress at the end of a joint by 30% on lap repairs. This can

be seen as beneficial to any bonded repair configuration and should be encouraged.
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Furthering this, a taper profile at the tip of a bonded repair or joint is also beneficial and
can, be optimised [50]. The work by [50] analyses this region for a lap joint, but as with the
adhesive spew fillet, it can be easily envisaged to work on other configurations. This work
[50] however, does not account for the inability of a laminar composite to be machined
down to a knife edge point, which will mean that the tip will have to be trimmed resulting
in a square edge. This may have a minimal effect, but is regardless something that may

require investigation.

3.4.1 Laminated Doubler Patch

Also known as Lap repairs [51], these can not only be considered as structural, but
cosmetic in nature too [34]). According to [35] these repairs were developed by the

aerospace industry in order to minimise the time that aircraft were out of service [35].

The repair methodology requires that the damage to the composite structure is completely
removed. If any core material exists in the structure it must also be removed and replaced
with new core material or a solid insert [34]. A composite patch is then applied over the
repair area [34). The nature of the patches can be fairly variable, as the geometries can
range from simple flat panels to complex shapes with multiple curvatures. According to
[34] the bonding of pre-cured patches is “particularly useful for in the field repairs allowing
a damaged component to be fixed quickly for further operation”. Figure 3-9 shows the
schematic and Figure 3-10 to Figure 3-12 show a real world application of a doubler patch

repair to a Formula 1 car.

Doubler patch Composite laminate

lace core material
Repair or replac Core material

Figure 3-9: Schematic of a semi-structural bonded doubler repair [34]

The authors of [52] echoes the views of [34] in that the main advantage of a lap repair is
the simplicity of manufacture and application. The design of the patch can also be tailored
to various purposes by modifying the geometry and the stacking sequence of the patch

[52]. However, the fact that the patch is an external one does affect the aerodynamic
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contour of the parent structure and can also, if the patch is sufficiently thick, apply a

bending moment to the structure and detrimentally increase the stiffness [52].

A method of lap patching used on automotive CFRP structures was described in[53], in this
case a car owned by the Swiss Formula 1 team Sauber, carried out in July 1997. The
damage, seen as white scratches and gouges in Figure 3-10, was sustained when a wheel
was pushed into the composite chassis during a minor collision with a wall [53]. The
damage was removed and the outer skin was chamfered with a 30mm wide bevelled edge

prior to bonding [53].

Figure 3-10: Damage sustained on a composite body FIl car (Damage circled) [53]

Figure 3-11: Pre-cured repair patch prepped and ready for application [53]

The pre-cured patch was then prepared with the replacement core material and bonded

into place with a paste adhesive [53].
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Figure 3-12: Finished repair [S3]

Lap repairs have long been used to repair fatigue cracks in metallic components. The stiffer
repair patch is bonded to the parent material and allows the load to be transferred across
the affected area, thereby preventing the fatigue crack propagation [34], The Royal
Australian Navy (RAN) has used composite patches to repair cracking on their ships super
structures for at least 15 years [33]. This study showed that patch repairs are indeed a
viable option and a valuable tool to naval architects when considering ship repair. Not only
were these patches able to contend with the damage suffered by the parent structure but
also with the wide variety of environmental rigours that an active naval ship must contend
with [33]. Lap repairs have also been used successfully on existing aircraft structures to
significantly increase the fatigue life, even when exposed to adverse hot/wet salt
environments [54], The repaired specimens were also subjected to low velocity impact
damage and did not show any sign of failure [565]. The same work by [54] also describes
tests on an Airbus A330/A340 aircraft and a Boeing 747-300. The doublers on the Airbus
experienced 70,000 flight cycles with no evidence of deterioration, damage to the patch or
crack growth to the underlining damage. The Boeing aircraft had nine in service
demonstration doublers on strategic locations of the aircraft to allow the maximum
possibility of in-service damage and environmental conditioning [54]. These doublers
experienced a wide spectrum of service conditions, including regular and extended periods
at -50°C whilst cruising at high altitude. As of August 1999, the aircraft had flown in excess
of 37,000 hours and had experienced 7020 pressure cycles with no evidence of any doubler
failure [54]. Similar work conducted by [54] showed that it would take two to three aircraft
fatigue lifetimes, or 72,000 to 108,000 cycles, for a crack to propagate 1 inch in the metal

structure beneath a reinforcing composite doubler. These demonstrations may be vital in
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generating confidence in bonded repair technologies and may help in allowing bonded

repairs to be eventually certified on aircraft structures.

Despite the success of these patch repairs, the work carried out by [33] did expose the fact
that the edges of these repairs are an inherent weakness. |If mistreated, either by
environmental or mechanical means, these areas can disbond. This disbond will eventually
propagate and also allow the damage in the parent structure to propagate and grow
unchecked. In their study of these patches, the authors of[33] stated that one patch on a
ship suffered damage from a paint removing water jet during regular maintenance work in
1998. Despite this, the damaged patch was easily replaced and no further action was
required until 2001. Figure 3-13 and Figure 3-14 show the repair design as used by [33] and

examples of damage that it sustained during the 1998 maintenance.

1 CF composite

CiRPpoucctivc byer

CF composite

Adhesive bondline Aluminium 02-deck.

Figure 3-13: Doubler patch repair as used by [33], a) the patch components and dimensions, b) cross sectional

view of the patch [33]

Failure analysis of bonded joints has also been the focus of some investigation. These have
generally focused on lap joints, but the findings of these investigations can easily be

applied, not only to bonded joints in general, but to bonded repairs too.

According to [1], there are 4 main failure modes for adhesive joints: Adherend Failure;
Adherend Interlaminar Tension Failure; Cohesive Failure and Adhesive Failure. Adherend
failure occurs when the laminate fails away from the joint. This is the preferred failure

mode in joint design as it shows that the joint exceeded the capability of the laminate [1].
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Adherend interlaminar tension failure occurs when peel forces act out of plane and cause
the plies to fracture and pull apart [1]. Premature failure of the joint could indicate that the
resin matrix is too brittle for the application and that a tougher adhesive, or a larger

bonding area is required [1].

Figure 3-14: Examples of degraded edges due to environmental and mechanical damage [33]

Cohesive failure occurs within the adhesive layer [1] and is evident when the adherends still
have adhesive on both bond faces after failure. This failure will be in shear, peel or a
combination of both and indicates that an effective surface preparation process was used
pre bonding. |If a higher joint load is required, an adhesive with better shear strength
should be used, or an alternative bond joint geometry should be designed specifically to

reduce peel [1].

Adhesive failure occurs when failure propagates along the adhesive/adherend interface [1].
Similar to cohesive failure, this can be a combination of shear and peel, but is indicative of
an unsatisfactory surface preparation process [1]. This joint will not achieve design

strength and will have poor long term durability if failure propagates in this manner [1].

3.4.2 Scarf Patch

The scarf configuration is possibly the best suited method for structural repair. It is already
used extensively in secondary structures and are used when a good joint strength is
required [1]. The Scarf Patch method has the enormous advantage of being
aerodynamically 'flush' when designed and manufactured properly, or at the very least,

have minimal aerodynamic effect. According to [35], these repairs are the favoured joint
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for strength critical applications, as they can reliably restore 90% of the parent structures
original strength. This is due to the angle of the joint transitioning the load gradually,
thereby making load transfer very efficient [1], see Figure 3-16. However, more
conservative figures were cited in [56], stating that a scarf without covering plies could
restore 50% of the laminates undamaged strength. This figure is much less than that stated
in [35] and suggests a highly variable or sensitive repair method. It can also be described as
the most labour intensive and expensive repair due to the amount of work and materials
required [35]. It should also be noted that a high degree of attention to detail and skill

must be exercised by the operator in order to properly carry out the repair.

e, el

Adherend Failure Adherend Failure
{Oustsive the Joint) (Composites Onty)
(Adherend Interlaminar Tension)

Cohesive Failure / Cohesive Failure

(Shear) (Peeing) /

Adhesive Failure Adhesive Failure
(Shear) ‘/ {Peeiing)

Figure 3-15: Failure modes of adhesively bonded joints [1]

The repair methodology involves removing the damaged material from the parent
component and then chamfering the edges of the hole or bond area [35]). Care must be
taken when machining out the damage, so as not to affect the parent material further. This
is usually done with the employment of power tools and abrasive disks [35]. According to
[35], the best results can be gained by using a taper ratio of 50:1. However, this figure can
vary to 20:1, depending on the material, adhesive and lay up of the parent laminate. The
authors of [1] concur, however, they do state that while a taper ratio of 1:50 is generally
used, it is not adopted on panel edges as these areas are usually thick enough to
accommodate countersunk fasteners or are given a taper angle of 1:20 instead. However,

different taper or scarf angles can be used depending on the situation: a greater taper ratio
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gives improved bonding surface area, thereby giving a better performing bond. But, a
greater taper ratio also increases the repair size, adding work and the amount of
undamaged ‘healthy’ material that is milled away, which makes the scarf angle selection a

compromise between performance and repair size.

SCARF AND STEPPED-LAP JOINTS
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Figure 3-16: Efficiency of bonded joint configurations [35]

The patch can either be pre or co-bonded and is applied using an adhesive. Current
methodology is to use a co-bonded method, either wet layup or pre-preg and curing the
patch along with the adhesive. However, this method does have the problem of ply
warping. Ideally the patch should have perfectly straight plies but this is extremely difficult
to achieve and as a result the plies follow a wave like path, especially at the patch edges, as

can be seen in Figure 3-17. This weakens the patch considerably and reduces its load

carrying capability [57].
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Figure 3-17: Ply warping or 'waving' at the edge of a co cured patch [57]

Scarf repairs are usually accompanied by a very thin doubler patch, applied to the outer
surface of the repair [34]. These cover plies are bonded using a film adhesive layer that is
usually made 3mm larger than the scarf repair on all sides [1]. The repair is then vacuum
bagged and exposed to heat in order to cure [35], Their use gives a good quality, certifiable
repair that is favoured by the aerospace industry for secondary structures [35] and could be
deemed essential by some operators. Figure 3-18 shows a schematic, Figure 3-19 shows
the process of hand machining a scarf and Figure 3-20 shows a completed scarf repair

carried out on the Boeing 787 during its development.

Laminated repair patch
Adhesive

Parent Laminate

Figure 3-18: Schematic of scarf patch repair [34]

It should be noted that scarf repairs can also be stepped, a schematic of which can be seen
in Figure 3-21. This involves creating several steps, usually at a depth of 1 ply per step in
the bond area [1]. The milling of this type of repair is substantially more difficult to achieve
than a pure scarf and is even more so on carbon fibre composites than on glass, due to the
increased difficulty of discerning individual plies [1]. When using a stepped joint, it is usual
that an overlap of 12.5 to 25mm is used per ply and the layup of the repair plies should be

the same as that of the parent component [1],
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Figure 3-19: Scarf being machined out by hand [44]

Figure 3-20: Completed scarf repair [44]
An analysis of scarf joints in tension, conducted by [55] found that 2 possible failure modes
exist. These were found to be fibre pullout and fracture and a cohesive shear failure in the
adhesive with little to no fibre pullout. The study conducted by [55] analysed the effects of
varying the scarf angle from 0° to 5°. It was found that at an angle of approximately 2° a

transition from the fibre pullout mode to the cohesive shear mode took place [55].

Figure 3-21: Schematic of a Stepped Joint [34]
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Figure 3-22: Images of the fibre pullout and cohesive shear failure modes, labelled a) and b) respectively [55]

Another study, conducted by [58] analysed a wider array of scarf angles than [55] analysing
2, 3, 6,9, 15, 25 and 45° scarf angles. In addition to the cohesive shear in the adhesive that
was seen by [58], the work by [58] also found another failure mode, which comprised of a
mixture of cohesive and inter/intralaminar failure. It was observed that there was no
visible crack initiation for the cohesive shear failure of the adhesive [58], which suggests it
was brittle in nature. There was however evidence of damage initiation slightly before
failure in the mixed cohesive and inter/intralaminar failure [58]. The authors of [58] also
state that the cohesive failure of the adhesive occurred at the higher angles of 15, 25 and
45°, whereas the remaining shallower angles 2, 3, 6 and 9° failed via the mixed cohesive

and inter/intralaminar failure mode [58].

3.5 Bolted or Bonded?

One question that will inevitably be asked once composite structures have taken damage
will be on the nature of the repair. Will it be bolted or bonded? Michael Hoke, president of
Abaris Training Resources Inc. based in Reno, Nevada in the USA, was quoted in an article
[44], stating that: "The choice between o bonded and a bolted repair may come down to

how much time you have available to do the repair”.

As has been shown in Chapter 3.1, it would appear that the disadvantages of bolted repairs
significantly outweigh the benefits. However, the wide breadth of experience that
engineers and technicians have with bolted schemes might make them seem more familiar

and therefore safer.
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The inverse is true for bonded methods. Despite a great deal of references noting the
sometimes significant advantages that bonded repair schemes have over their bolted

counterparts, engineers are sometimes sceptical of their effectiveness.

The most likely outcome is that there will be a mixture of both bolted and bonded repairs
on a composite aircraft structure, depending on the loading, location and the nature of the
damage sustained. It may be likely that Hybrid type repairs, described in section 3.2, may

be the best option in a large portion of aircraft structures.

One argument that is repeatedly made in favour of the bolted schemes is of their simplicity
and rapid deployment. From the evidence gathered in this chapter however, this can be
considered a weak argument. The designing of bolted repairs on composite materials is not
a simple task and as stated by [41], bolted repairs are often poorly designed. With regards
to rapid deployment, Hoke states in [44]: "The huge advantage of the bolted repair is there
is no heat required" which may be the case for bonded repair. However, the curing of an
adhesive is not that complex and can be completed in a few short hours. This argument is
also negated if the damage is on a wing, as any bolted repair will require the venting of a
fuel tank and access to inside of the tanks. As a result, a significant amount of time must
pass before the repair can be carried out. The bonded repair may not need to go to full
depth to repair the damage, raising the possibility of not requiring the fuel tank to be

emptied or vented, thereby saving considerable time.

According to Mark Loyd, lead engineer of composites, plastics and transparencies at
American Airlines' Composite Repair Centre in Tulsa, Oklahoma, the chief obstacle facing
bonded repair methods is logistics [44]. Issues such as limited material shelf life, spare
components, location of repair facilities and crews and the required infrastructure have to
be taken into account [44]. With bolted repairs being well established in the aerospace
industry, the logistical issues associated with these methods are minimal, however in [44],
Loyd also states: "With ...all composite aircraft, the biggest need will be transitioning the
workforce from the metal aircraft repair philosophies to the composite repair philosophy".
It is unlikely to be a painless transition as Loyd continues in [44]: "This will be a paradigm
shift akin to switching from propeller-driven aircraft to jet power." But the growing use of
composite materials used in aircraft and the realisation of the advantages that bonded
repair methods present, will most likely drive the building of the infrastructure and the

organisation of the logistics towards a more bonded repair mentality in the near future.
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As a result, due to logistical and certification constraints, bolted repairs will most likely
remain the status quo for the foreseeable future. However, significant investment and
research into the field of bonded repair will increase confidence in methods, processes and
designs, eventually allowing their certification and their adoption on primary aircraft

structures.

3.6 Summary

In this chapter, various mechanical and adhesively bonded repair configurations were
briefly analysed, assessing their advantages and disadvantages. Of particular interest was
the scarf configuration, which was found to be the most viable for a primary structure
repair due to its superior load transfer. It was also noted that given the current
infrastructure and logistical requirements of bonded repairs, as well as their certification
constraints, the likelihood of bonded repairs being applied on primary structures is
extremely thin. Bolted repairs will be the status quo for the foreseeable future; however
significant interest and the several benefits offered by bonded repairs will undoubtedly
drive the paradigm shift from mechanical to bonded repairs. To do this however will

require solving certain problems, which are discussed in the next chapter.
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4. CONSIDERATIONS FOR THE

BONDED REPAIR OF COMPOSITES

If a bonded configuration has been chosen for a repair, there are certain factors that also
have to be considered along with the repairs design. These considerations can and do have
an impact on whether the repair can be carried out on an aircraft or not. Such issues can
include the proximity of a new repair to an already existing one [23], or even the economic
viability of a repair: will it be cheaper or easier to simply replace the component? As a
result, this chapter seeks to outline some of the issues that must be considered when

creating a bonded repair.

4.1 Certification

Despite their many possible benefits, bonded repairs are not currently used on primary or
structurally critical components, but have been restricted to secondary, non critical
structures. This is mainly due to current legislation for certifying bonded repairs: all
airworthiness authorities have reached the conclusion that no credit can currently be given
to a repair patch on a primary structure if the residual strength falls below the design
ultimate [59]. This can be described as a Fail Safe Approach, where Limit Load is retained in
the parent structure in the event of a total repair failure [60]. The author of {61] states that
despite being adopted by the majority of the aviation industry these certification
requirements are conservative and tend to be overly restrictive by not considering the
repairs structural integrity. An article on the certification issues surround bonded repairs
[62] states that both the EASA and FAA are in agreement on the subject of bonded repairs.
The common position is that "bonded repairs may be acceptable if sized to maintain Limit
Load, or better, should the repair fail. Such failed repairs, which represent a damage
condition, must be detected within the appropriately substantiated inspection programme
used to support the Fatigue and Damage Tolerance philosophy. This design philosophy

safely recognises the limitations of current bonding technology"[62].

The certification requirements of composite airframe structures have a basis in the long

history of experience developed from operating metallic aircraft structures [59], so similar
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issues with certification can be expected. These certification requirements also apply to the

repair of a safety critical component on an aircraft [59].

Firstly, a detailed structural analysis, usually involving Finite Element Analysis (FEA) is
carried out, followed by a mechanical test program. The complexity of the mechanical test
specimen increases from simple coupons to structural elements to full scale structures [59]
and can obviously become extremely costly, especially in the later stages. The role of the
coupon and structural element tests are to obtain the material and structural ‘design
allowables’ and must investigate all the possible critical loading conditions and failure
modes [59]). The full scale structure tests, which also include extensive strain
measurements, are essentially for design validation and proof of structure, both statically
and in fatigue [53]. The prediction of structural performance is an important factor for
consideration as even limited static, durability and damage tolerance tests are very
expensive [61]. To avoid the airworthiness authorities requiring such expensive testing,
they must have reasonable confidence in the analysis and the design development testing
in accurately predicting full scale behaviour [61]. Presently, the key to satisfying
airworthiness authorities is to have sound analytical procedures that have been verified by

test and experience [61].

With regards to bonded repair, the key requirement according to [59] is to “demonstrate an
acceptably low probability of patch disbonding during the remaining life of the structure”.
This “acceptably low probability” is undefined in [59] and may have to be legislated by
aviation authorities. In his proposed approach for the certification of bonded repairs, [59]
states that an important assumption is that the repair causes only minor changes to the
load path or stress in the damaged component and that the original certification base for
the parent structure is unchanged, apart from in the repair region [59]. This will allow
mechanical testing at the representative joint level to ascertain the basic adhesive
properties and fatigue durability allowables. Validation at the sub-component level will
also be possible to check the design predictions and assess the repairs efficiency and
durability [59]. The proposal in[59] sates that the main requirement is to generate a
database of generic design allowable that are valid over a range of similar geometries and
environmental conditions to the specific repair. This may not be entirely feasible however,
as in order to make this cost effective, the number of repair systems will have to be quite
restrictive, so as to limit the number of databases required [59]. Once these databases

have been gathered, their data could then be used after assessing the stresses in the repair
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region and if required, extra details can then be introduced [59]. These can then be tested
to measure the influence of the differences between the real repair and the generic case

[591.

Earlier work by the same author [60] suggests that a Wedge Test be adopted as the
principal accelerated test for bonding surface treatment quality control. A wedge test is a
standard method to determine the adherends surface preparation and the durability of the
adhesive and is described in ASTM D3762 [63]. It involves impacting a wedge down the
bondline, thereby splitting the adherends and although it is primarily qualitative in nature,
the data gathered can be used to determine crack growth rate and failure modes. The main
challenge associated with this however is to correlate the wedge test with the failure

probability, possibly based on service experience [60],

Composite Adherend
Wedge

Adhesive Bondline

Figure 4-1: Schematic of standard wedge test
Baker [59] then outlines his draft proposal of bonded composite repair for both composite
and metallic structures, describing the development of a generic repair database among
other requirements. He does state however that the draft proposal will "require
considerable refinement and validation" [59]. Another certification method was proposed
by Jones et al. [64], which also included a requirement for a suitable in-service inspection

programme.

Baker [60] also describes and discusses how certification requirements can be made less
stringent by the use of "Smart Patches". This approach uses Structural Health Monitoring
(SHM) via embedded strain gauges and chemical sensors to detect any deterioration and/or
chemical species. Using these sensors in a complementary fashion should provide a
warning of impending bond deterioration [60]. This approach was successfully
demonstrated on test specimen during the development of a boron/epoxy lap doubler for
an F -1lIl wing pivot fitting and appears technically feasible but may only be economically
viable for costly primary structure repairs due to its complexity [60], Baker [60] also goes
on to state that despite making the certification of bonded repairs easier, the use of smart

patches will bring their own problem of reliability assurance.
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Clearly then, even if stress methods and application processes are well applied,
complications will be encountered when attempting to certify bonded repairs. It is
therefore vital that manufacturers, operators and certification authorities co-operate now,

to define tangible requirements for allowing the certification of bonded repairs.

4.2 Moisture

Studies by [65] found that the toughness of an epoxy based paste adhesive was highly
sensitive to moisture in the joint region prior to bonding. Moisture already in the
adherends diffuses into the adhesive during the cure and leads to significant reduction in
the toughness and glass transition temperature (T,) [65]. This assessment is echoed by

(30].

In order to combat this, the moisture has to be removed. The author of [30] states that
drying thin laminates poses very few problems as it can be done with careful use of a heat
gun. Thicker laminates pose a greater challenge and may require several days or possibly
weeks in an oven, if facilities allow [30].  Uni-Directional (UD) test coupons, measuring
150mm by 20mm and 1.5mm thick were analysed by [65]. It was found that it typically
took 28 days to become 'fully dried' when using 105°C of heat and vacuum pressure [65].
Of course, this may prove too long for aircraft operators who wish to see their damaged
aircraft flying as soon as possible and this drying time will vary, depending on several
factors [65). However, the authors [65] recommend that, unless the effect of moisture on
the performance of an adhesive is well understood, the prospective adherends should be

'fully dried' prior to bonding.

4.3 Lightning Strike Protection

The consideration of what a lightning strike would do to a bonded repair has not been given
much consideration in published literature. This is despite the fact that this knowledge is
undoubtedly vital for safety. Metallic meshes and conductive pathways offered by bonding
strips are considered as standard on composite aircraft in order to give the current from a
lightning strike plenty of routes to safely disperse, thereby protecting the aircraft [9].
However, small regions of the lightning strike protection will be removed during any
structural repair and once the repair is completed, have to be replaced. A study by [66]
assessed the effectiveness of using a copper wire mesh in protecting structural scarf repairs

from a lightning strike. This study gives an accurate representation of what is feasibly the
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most realistic method of restoring any lightning strike protection lost during a bonded

repair.

Multiple specimens were created, both repaired and unrepaired, with half of the parent
laminates thickness removed. The repaired specimens were then given both "good" and
"poor" repairs, which described the nature of the lightning strike protection [66]. A "good"
repair, having an overlap of +3.18mm in the copper mesh, gave good electrical conductivity,
whereas the "poor"” repair having a -3.18mm overlap, or a 3.18mm gap in the mesh, gave
poor electrical conductivity in the repair [66]. However, no detailed explanation was given
in this study as to why +3.18mm was the distance used, only that this gave adequate

electrical conduction/insulation.

Mechanical testing of the repaired laminates showed that using the scarf repair
configuration did indeed restore structural integrity to the laminate. However, some
differences could be seen in the effectiveness of the lightning strike protection [66]. Aftera
simulated lightning strike on the repair, it was seen that the "good" repairs behaved, both
structurally and electrically, as a pristine specimen with lightning strike protection, with

negligible surface damage and residual strength reduction [66].

The "poor" repair on the other hand failed catastrophically when struck. Depending on the
location of the lightning strike with respect to the repair area, three different scenarios

were observed:

e If the lightning strikes away from the repair, there is no difference in the residual
strength between a poor repair and a pristine laminate [66].

e If the lightning strikes on the patch however, the resulting damage can only be
described as catastrophic and is similar to and at times worse, than a totally
unprotected specimen [66]. This can be seen in Figure 4-2.

e (Cases were also observed where the entire patch was disbonded during the

lightning strike onto the patch [66]. This can be seen in Figure 4-3.

This study can easily be described as being a vital reminder of the importance of ensuring,

the conductive integrity not only of a repair, but of the aircraft as a whole.
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Figure 4-2: (A-C) Schematic of damage mechanism Figure 4-3: (A-C) Schematic of damage mechanism

on a repair patch near the surface [66] for a deep strike on the repair patch [66]

4.4 Ensuring Bondline Integrity

One problem that bonded repairs have is that the integrity of the bondline can be an
unknown. Currently, it can only correctly be determined by destructively testing the repair.

Of course, this is not ideal and rather counterproductive.

One proposed solution that has been granted a patent is to use an indirect test piece on or
in the same component that the repair is being carried out on [67]. This concept proposes
that a small fixture, or test element, measuring no more that 30 or 50mm in diameter is
bonded to the original structure [67], Torsion isthen applied to the fixture to ascertain that
the adhesive has bonded correctly, which by proxy, proves the effectiveness of the bond in

the repair [67],

Despite the fact that this is a patented possible solution, there are certain flaws in using this
approach. Firstly it is an indirect test, meaning that, even if the test fixture gives a positive
result, there is no guarantee that the bondline in the repair will perform well. Secondly, the

testing and/or removal of the test fixture may cause additional damage to the parent
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structure, possibly requiring an additional repair. It may be more prudent to use existing

NDT technologies, such as Ultrasonic inspection.

4.5 Repair Interaction

The old proverb “bad things come in threes”, may not be numerically accurate, but when
considering composite repairs it still may be true to a certain extent. Certain regions of
aircraft are more likely to suffer damage than others and if repairs already exist on these
structures, then any future repair will have to take these into account. Failing to allow for
multiple repairs on a structure could lead to it being scrapped after a second damage is

suffered.

For certain types of damage, it may be simpler to merge several small damage areas into
one large damage area. This may allow for a simpler, singular analysis. This is most likely
suitable for secondary structures, but may not be possible for primary. This is due to the
fact that currently no method exists that specifically analyses the interaction of repairs in

close proximity [23].

An investigation conducted in [23] determined the influence of two circular holes, which
were used to simulate damage, in close proximity. The aim was to produce an analytical
approach to the problem that was quick and easy to solve. This scenario can already be
analysed numerically, but this is a time consuming process and not suited to the quick and

reactive environment of an in-service repair department.

It was stated in[23] that a complete or closed analytical solution for a finite composite plate
with two or more holes does not exist. The author [23] does however state that semi-
analytical methods do. The method proposed in [23] provided a viable solution for
laminates made from unidirectional lamina, however further work is required for woven
material and sandwich structures. The author [23] continues to state that the development
of an analytical approach for two or more bonded repairs could be based on the 1-
Dimensional joint analysis that is already in wide spread use that was proposed by the Civil

Aircraft Composite Repair Committee (CACRC), however further work on this is required.

4.6 Training

Unlike in manufacturing, which is continually seeking labour reducing automated methods

of production, the repair of composite structures is still a manual operation [68]. According
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to the author of [68], the focus has been on the training of knowledgeable operators on
proper repair techniques rather than on new repair technologies. Indeed, the skills
required to manually machine a scarf by hand require training and continual experience.
Manufacturers offer a complete set of instructions to even the simplest of repairs [68].
Machining out a large scarf, as may be required for thick laminates "takes someone with

real finesse and it's very easy to make mistakes" [68].

Despite the quality of the repair being dependant on the experience and skill of the
technician, only the repair workshop needs to be certified [4]. With the increasing amount
of composite materials being used in primary structures, this will most likely change in the
near future. According to [4], the FAA would probably publish an advisory circular
recommending, rather than requiring, that composite repair technicians be trained
internally to a minimum level [4]. This would put composite repair on par with welding and
NDT technicians for certain airframes and components [4]. The author of [4] also adds that
current repair technicians would have to be 'grandfathered' to make this system practical
for aircraft operators. This will avoid the operational disruptions that would accompany an
effort to certify already active repair crews [4]. A revised FAA advisory circular (AC 65-33)
was issued in August 2011, regarding "Development of Training/Qualification Programs for

Composite Maintenance Technicians" [4].

Another training issue that should be considered is that of the engineers designing the
structures and repairs themselves. Many engineers have vast experience in metallic
structures, but limited composite knowledge. This may promote a 'black metal' design
approach, which treats the composite like a very stiff isotropic, or metallic, material. This
may over simplify the complex nature of the composite and lead to problems later. In
order to gain the best performance from composite materials and from their structures in
general, more knowledge should be imparted to engineers through training. This should be
done both academically in the class room and practically in the clean room, learning how to
lay up and gaining firsthand experience of the manufacturing techniques. It is extremely
important to rapidly improve the knowledge maturity of composites and gaining a better
understanding of these materials should be made a priority for any engineer working with
them. This may be summed up best by a comment made by Mark Loyd, lead engineer of
composites, plastics and transparencies at American Airlines' Composite Repair Centre in
Tulsa, Oklahoma noted in Wood's article [44], "the biggest need will be transitioning the

workforce from the metal aircraft repair philosophies to the composite repair philosophy".
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Even with an extremely high degree of training however, mistakes can and will happen.
This will undoubtedly cause the damaged aircraft to be on the ground for longer. When we
consider that the average revenue lost from an unscheduled aircraft on the ground is
approximately $100,000 per day [68], the operators desire for the utmost in speed and
precision when repairing is understandable. As a result, an increasing amount of
automated repair machines and methods are being proposed by both aircraft

manufacturers and operators [68].

4.7 Machining Composites

Once damage has been detected, it requires analysis and removal. This is done by
machining the area, usually via an abrasive grinder or cutting tool. The author of [69]
discusses the difficulties of machining composites, which is mainly due to the material
being non homogenous; the diverse fibre and matrix properties; the reinforcement
architecture; orientation and volume fraction [69]. The cutting tool encounters a
continuously varying mix of matrix and fibres, whose response to machining is entirely
different and imposes special demands on the geometry and abrasion resistance of the tool

(69]. Tool wear should also be carefully considered when machining composites [69].

The machining of metals is a well established and understood aspect of manufacturing.
Indeed, the understanding of metals is such that the machining of alloys can now be
computationally modelled and simulated. This is not the case for composite materials as

the complex nature of the material defies current modelling and simulation methods.

Another important aspect for any bonded repair is the surface preparation of the bond
region [30]. It is imperative that this region be free from any form of contamination, be it
from moisture, fuel, grit or cleaning solvent. Pre bonding surface treatment, such as grit
blasting or mechanical abrasion can and should be used to aid in bonding and the quality of
the treatment. Other forms of pre bond surface treatment also exist, such as plasma
treatment and chemical etching. These surfaces can be checked by the water break test to
find whether they are ready to be bonded [30]. This test is used on composite structures to
ascertain that no contaminants remain on the bonding surface [35]. It involves spraying a
fine amount of water on to the cleaned surface and checking whether the water remains as
a continuous film on the surface [35]. If this is the case, then the surface is considered
clean. If however the water separates into beads or droplets, then additional cleaning is

required.
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4.8 Summary

Issues surrounding bonded repair that will require consideration were discussed in this
chapter, including: certification; the effect of moisture; lightning strike protection; ensuring
the integrity of the bondline; the effect of repairs in close proximity; the training required

to conduct a bonded repair and the ability to machine composite materials.

A frank appraisal was also carried out on the current ability to carry out a bonded repair. It
was found that, while the industry is becoming more interested in the technology, it may be
some time before they are carried out on working aircraft structures. This is unfortunate,
but can also be considered as an advantage, as the technology can continue to be

developed and improved before eventual deployment.

From the information gathered, it would appear that the scarf configuration may be the
best method to use. While being labour intensive, it can offer substantial benefits for load
transfer and has the additional benefits of being flush to the outer surface and a method
already widely used in aerospace. As such, analysing this configuration in detail would
allow a baseline analysis to be made that can identify any possible improvements. This
should include the design practices, the analysis methods and the factors affecting the

configuration and will be discussed in the next chapter.
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5. THE SCARF CONFIGURATION

As stated in Chapter 3, scarf repairs are widely considered to be the most viable option for
aerospace bonded repairs. This is due to the fact that a well designed scarf can offer little
to no load eccentricity in the bondline and can limit peel stresses [30]. As such an
investigation into the design of such repairs should be made to better understand the

design, the analysis and the factors affecting the configuration.

5.1 ScarfDesign

Current scarf designs are based on a 2D analysis of a perfect scarf joint, assuming uniform
stress distribution along the scarf [70]. This 2D scarf is based on the most highly loaded
section of a 3D component. This simplifies the analysis, however it negates the benefits of

load bypass around the repair, possibly making the analysis conservative [70].

For metallic or isotropic adherends, the adhesive stresses are constant. This was confirmed
in [71] using FEA, however there were some discrepancies at the free edges. This is not the
case for composite adherends. Due to the anisotropic nature of their construction,
maximum stresses occur at the terminus of the stiff 0° plies [70].  As fibres don’t cross the
bondline, a large dissimilarity in stiffness between the adhesive and the composite plies,
especially the 0° plies, induces a significant stress variation across the scarf [70]. This is

confirmed in [30].

When analysing the adhesive used, several considerations should be made. For brittle
adhesives, it is the maximum stress, rather than the average shear stress that dictates the
joint strength [70]. However this can offer a significant over estimation and could
potentially lead to premature failure [70]. For ductile adhesives, the strength of scarf joints
is limited by the maximum shear strain in the bondline [70]. Stresses will eventually
become uniform as the adhesive undergoes plastic deformation, however strain
concentrations may still occur [70]. As a result, the maximum strain in the adhesive may
exceed the strain allowable before the average shear stress reaches the stress allowable,

giving an optimistic design [70].

Co-bonded patches made up of pre-preg or from a wet layup configuration, consist of many

small steps [70]. These steps can be considered as very small lap joints [70]. As a result, a
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multi step lap analysis can be used to find the estimated adhesive stresses. The large
variability between different plies however means that it is essential to account for the
local stiffness in any analysis {70]. There are also certain difficulties with regards to the
layup of these patches, examples of which are: ply warping, which is discussed in Section

3.4.2; ply alignment; increased risk of porosity and ensuring a correctly mixed resin.

Current patch design methodology as used by the Royal Australian Air Force (RAAF) and the
National Aeronautics and Space Administration (NASA), states that a scarf repair patch

should match the parent laminate's layup [70].

Once the design of the patch has been finalised, it must be manufactured. Two main

methods exist for creating the patch: Co-bonded and Pre-cured.

5.1.1 Co-Bonded Patch

Co-cured patches can be built from three different methods: Room temperature wet layup;
Elevated temperature wet layup and Pre-preg [1]. These methods involve laying uncured
composite material into the repair region and curing it along with the adhesive. Wet layup
techniques usually consist of a two part resin system, which must be weighed and mixed
precisely. This repair method can be compared to ‘hand layup’ of composite components
using a mould, albeit without the gel coat or release agent [72]. This method, also known in
manufacturing as Contact Moulding [73] requires that the layers of fibres are impregnated
with the mixed resin, either in or prior to placing it into the repair area. The plies are then
consolidated using rollers to ensure that there are no air pockets, which could form voids
[73]. The authors of [72] state that this method requires little capital equipment. It is

labour intensive, but is particularly suited for one off productions such as repairs [72].

The difference in the curing temperatures of the room temperature cured and elevated
temperature cure wet layup repairs does affect their mechanical behaviour. Although
requiring no additional heat, room temperature wet layup resins have poor high
temperature performance and are usually only permitted for very small damage [1].
Elevated temperature wet layup resins have the advantage of being able to be used on
larger repairs. Despite this they have additional requirements, usually in the form of a
vacuum and a hot bonder system [1]. it should also be noted that the hot/wet properties,

of wet layup systems are highly suspect and may not be suitable for a permanent repair.
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The elevated temperature curing material can be cured at multiple temperatures, from
95°C, 120°C and 180°C [1]. The original manufacturers of a component often prefer pre-
preg repairs and sometimes obligate that no other repair method be used [1]. They allow
for even larger repairs than elevated wet layup and are considered to be cleaner and easier
to work with, as no resin mixing is required [1]. However, problems can arise when using
these repairs on honeycomb sandwich panels, as air pressure in the honeycomb cells can
increase significantly when the curing temperature is applied and can cause the patch to
blow off [1]. This is especially true if moisture or water vapour is present in the panel [1].
Another problem is the requirement of uniform temperature across the repair area to
achieve consolidation [1]. This is extremely problematic if heat sink features such as ribs

and spars are situated under or near the repair.

5.1.2 Pre-Cured Patch

The authors of [34] state that the former Honda Formula 1 team arrived to the conclusion
that a pre-cured patch gave superior strength restoration when compared to co-bonded
methods. It also has the advantage of allowing the repair patch to be inspected by NDT,
ensuring its integrity prior to bonding into the repair location [1]. Some concepts have
been put forward to commercialise this repair method, however the authors of [1] argue
that these concepts have concentrated on idealised damage situations and that they ignore
certain fundamental problems. A prime example is that it is highly unfeasible to predict the
size and location of damage with any degree of accuracy [1]. Several other examples can
stem from this including: the amount of curved surfaces on an aircraft; the possibility that
an adhesive bondline will not be able to accommodate errors in the repair and the
possibility that any repair patch previously manufactured may not be ideal for the repair,
for example the layup may be incorrect [1]. Despite this, a successful and commercially

viable concept could easily be found if given the correct requirements.

The work described in [74] also considers a hard, pre-cured patch to be the best option for
bonded repair and compares this approach to the soft, or co-bonded, methods in Table 5-1.
An interesting patch design is also considered in [74)], which can be considered as a hybrid
between the hard and soft patch approaches. This hybrid, or Semi-Hard patch, is
manufactured from a series of composite laminates each containing several composite plies
or titanium sheets, which are interleaved with adhesive and either pre-bonded or co-

bonded during the application of the repair [74].
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The obvious advantages of the pre-cured method are: the ability of limiting ply warping in
the repair patch; matching the parent structures material properties and the simplified cure
requirements that are dictated only by the adhesive [74]. The author of [74] describes how
a moulded pre-cured patch was used on a carbon/epoxy horizontal stabiliser for a F/A-18
fighter. The damage and scarf cavity was removed via CNC machining and the patch mould
created using data on the skin thickness and curvature of the original stabiliser [74]. The
resulting patch fit was excellent and ultrasonic inspection of the repair showed it to be free

of voids and other defects [74].

Despite the use of a moulded pre-cured patch on the F/A-18 as described by [74], it would
appear that upon comparing the manufacturing methods, the machined hard patch is most
likely the best approach available. This method would produce a superior quality patch
more easily and can also be inspected prior to being bonded into place, thereby ensuring its
quality. The fact that many engineering workshops now have Computer Numerically
Controlled (CNC) machining capabilities also means that this manufacturing concept is also
possibly easier than the moulded method. All that is required is a laminate of appropriate
material and a suitable computer model for the geometry to be machined. It is perfectly
feasible that this method could become completely automated, given the correct

investment and development.

One consideration that must be made when manufacturing the repair patches is laminate
symmetry. When cured, unsymmetrical laminates warp considerably as can be seen in
Figure 5-1. In some applications this may be useful, or even desirable [75], but is usually
unwanted and avoided. This warping is caused by the significant thermal forces and
moments that develop during the cool down stage after curing and are due to the differing

thermal contractions that each ply would experience due to their orientation [75].

Figure 5-1: Cured unsymmetrical laminates [75]

Several works on bonded scarf repairs also note the use of covering, or sacrificial plies [74,

76-79]. These are usually used on scarf repairs as they protect the delicate scarf tips and

56.



The Scarf Configuration

improve damage tolerance. In the study conducted by [77] it was concluded that an
overply increases joint strength by delaying adhesive failure and that thicker over plies
reduce the stress in the joint. According to Armstrong et al. [1] these covering plies are
accompanied by a film adhesive layer that is approximately 3mm larger than the patch so

that they cover the repair and the last covering ply.

5.2 Analysis of Bonded Scarfs

According to [30]: “The science of predicting the strength of adhesively bonded joints has
always been adequate”. In fact, there are virtually no known instances where failure has
been attributed to improperly proportioned joints [30). However, in order to allow bonded
repairs to be used on primary structures an ‘adequate’ knowledge of predicting joint

strength is insufficient. An in-depth and detailed knowledge is required.

Bonded joints and repairs have enjoyed a great deal of attention analytically, both
mathematically and from finite element analysis. Lap repairs are by far the most studied
however, with multiple analysis techniques being developed for them. The 1938 Volkersen
Analysis [80], which could be argued to have started the academic analysis of bonded
joints, the Goland and Reissner {81] analysis in 1944, the Hart-Smith [82] analysis from 1973
and the more recent Oplinger analysis [83] can possibly be seen as the most notable
examples [84]. An ESDU method and associated software [85], has also been written for

single lap bonded joints.

Various other analysis methods have been proposed to assess the strength of bonded
structures over the past few decades. Many variations exist from simple 2D methods to
more complex software based analysis {26], but can be categorised into two main classes

[26]:

e Stress/strain based methods
o Peak peel and shear stresses calculated to predict bondline failure.
o Peak tensile/compressive stresses over normal stresses calculated for
adherend failure.
e Fracture mechanics based methods
o Energy balance methods used to predict bondline damage growth.

o Stress Intensity Factor calculated for adherend damage growth.
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Table 5-1: Advantages and Disadvantages of Different Patch Manufacturing Methods [74]

» Simpler manufacture
» Excellent conformity
* Mould not required
BUT
» Patch properties will not match parent
Soft Patch material
* Needs high temperature cure (unless different
composite system), skin disbond danger
» Prone to wrinkles and ply distortion along the
scarf, due to ply movement during consolidation
* Prone to voids, under vacuum bag
consolidation
* No prior NDI possible
» Excellent quality patch, matches parent
laminate
* No distortion of plies
* Prior NDI possible
* Lower temperature application (adhesive
Hard Patch, Moulded control)
» Out-ofautoclave application feasible
BUT
* Requires a mould, open or matched
* Longer to apply (extra process steps), higher
cost
» Some local warping may occur due to ply
unbalance
Hard Patch, Machined  Excellent quality patch all as above
(Composite) ) . BUT .
o * Distortion and machining problems,
(T/tan/um alloy sheet composite patch
laminate) * Residual stresses, metallic patch
« Stiffness mismatch, solid metal patch
* Requires NC machining
* Can cure at lower temperature depending on
adhesive interleaf
* Prior NDI possible (with difficulty) of
individual layers
* Flexibility depends on the sub-laminate
thickness
* No need for a mould
BUT
+ Patch 'diluted' with adhesive layer, may need
to alter lay-up to compensate (ideally need thin

(Composite pre-preg)

( Composite)

(Titanium alloy blank)

Semi-Hard Patch interleaving adhesive, approximately 0.05 mm)
( Composite laminates) » Tend to select thicker sub-laminates,
compromising flexibility to conform to curved
surfaces

» Adhesive interlayers could have porosity or
bonding problems
« Matching ply configuration, ply drop offs and
skin thickness changes will cause problems
* Will be more suited to step joint configuration
rather than scarf
* May have problems achieving full flush
configuration due to patch dilution
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The author of [26] states that the majority of these methods have been based on
calculating local shear and peel stress distributions, which are then used to estimate joint
strength based on designed overlap lengths [26]. It was also pointed out in [26] that a
minor flaw in these methods is that they analyse the bondline and adherends as separate
entities. Ideally, both of these should be analysed as a singular component, however doing
so will be extremely complex [26]. Currently methods only account for static strength
failure or damage growth under static load [26]. There is a distinct lack of damage
tolerance methods considering the damage initiation and growth under operational loads
[26]. The author of [26] continues by saying that, in order to ensure the integrity of a
bonded structure, the following aspects need to be considered: structure type (primary or
secondary structure, single or multiple load path); loading type (tensile, compressive or
shear); damage type (including the damages observed in service) and operational

environment (temperature and moisture) [26].

The Monte Carlo simulation method has been used to analyse scarfjoints and repairs and is
considered as the most reliable analysis method [86]. However, due the random nature of
this method, there is also a great deal of difficulty in estimating errors [86]. As a result it is
not a suitable method for repair design as the integrity of the repair produced from this

method cannot be guaranteed.

However, work shown in [74]1and in [57, 70, 74] have created simple analytical equations
for scarf joints. These were found by resolving the forces found in an idealised scarf, shown

in Figure 5-2:

Figure 5-2: Idealised scarf region

Psin Ocos 6
7 = ~ Equation 5-1

Where r is the shear stress in the bondline, P represents the tensile load, t the laminate

thickness and Othe scarf angle.

11t should be noted that the equation shown in the work published by Baker is incorrect. The P and
r should be swapped around. Correspondence with A. A. Baker has confirmed that the equation
should read as shown in this work and that a printing error occurred in the publication referenced.
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Equation 5-1 shows that with increasing scarf angle, failure load P decreases rapidly.
Therefore it can be stated that this equation proposes that a shallower scarf angle is
preferable. This method may however be too simplistic for a full repair and more work may

be necessary to develop this further.

The author of [87] also came to this conclusion and stated that the analysis is limited to
very small scarf angles, no greater than 1.9° or a taper ratio of 1/30. However, this may be

too conservative an assessment by [87].

Work conducted in [76] derived similar equations to describe the average shear and peel

stresses in a scarf, shown in Figure 5-3:

« H ,
Overlap length L ki Ln

Figure 5-3: Structural model representing one-sided repair to partial depth damage [76]

capplied .n n
T — — — Sin 6COS 6 Equation 5-2
1+5

°applied .7, »
(0] R — Y ') Equation 5-3
C 1+5

where r and cc denote the shear and peel stresses respectively, oapvlied is the applied
stress, 6 symbolises the scarf angle, f the thickness and 5 denotes the stiffness ratio:

Epatchtpatch

P t Equation 5-4
cparentliparent

s:

where E is the stiffness of the material. Again, these equations are fairly simplistic; but
they do show that both the adhesive shear and peel stresses increase rapidly with scarf
angle in through thickness joints [76] further confirming that a shallow scarf angle is

preferable.

The authors of [70] performed an elastic analysis on the average shear and peel stresses of

a scarf repair, Tav and oav respectively. The model used can be seen in Figure 5-4:
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Figure 5-4: Structural models for: (a) a scarf repair subjected to biaxia! stresses and (b) an equivalent scarf

joint [70]
and the equations used are shown here:
_ Oxx Sin26
Tav = 2 Equation 5-5
= g,,sin?8 ;
Oay = Oxx S Equation 5-6

According to computational results these equations work well for isotropic adherends and
the shear stress concentration factor K, can be written in terms of the average shear stress

via the following expression [70]:
Tmax = KaTav Equation 5-7

where the stress concentration factor K, can be expressed in terms of ply percentage p

and stiffness ratios £/E;:
1

K, =
Eys E90 Equation 5-8

Do + 2 + Poo E,

It should be noted that these equations assume that the joints transfer load uniformly

across the bondline. This can only be the case with a perfect scarf joint, where the two

adherends are perfectly identical, with idealised knife edges at their tips [30]. The

dominant effect that causes deviation between analytical and testing results is stiffness

mismatch between the two adherends [30]. A finite thickness and thermal mismatch can

also cause some discrepancy [30].

One concern with scarf joints that have thin scarf tips or knife edges have is that the thin tip
of the stiffer adherend tend to snap off due to fatigue [30]. Another is that if the thickness
of the adherends are unequal, the load distribution of the thicker adherend is not uniform
[30]. This could be compared to narrowing a wide pipe to a thin one, thereby increasing

the pressure of the fluid flowing through it. Somewhat surprisingly, more failures would
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occur just outside the joint at the tips of the stronger adherend, rather than the weaker one

[30].

An alternative method proposed by [70] is to use a strain based analysis to design a scarf
joint and obtain an optimal scarf angle. According to this method, for a given adhesive, the
optimal scarf angle occurs when the laminate limiting strength & equals the adhesive

limiting strength £5[70]. This results in Equation 5-9:

1 2ryg ()

Yy
Ooptimal = =Sin
ptimal
2 EKesun—notched

Equation 5-9

Where 1y is the adhesive yield stress, y,;: and yy are the adhesives ultimate and yield
strain respectively, K, is the von Mises strain concentration factor and €,,,_notcheq i the
un-notched strength of the composite laminate. However, FEA results are integral to solve

this equation and the results of the analysis conducted by [70] are shown in Figure 5-5:
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Figure 5-5: FEA results of the analysis conducted in [88]

The work carried out in [70] describe the results via the rational function:

T Y
= = g (ﬂ): (Ymax = Vy) Equation 5-10
Ty Yy
with
a
gx)=1- oy Equation 5-11

The parameters aand fFare found by curve fitting the FEA results, shown in Figure 5-5.
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The authors of [70] concluded that this is an improved technique to current constant shear
analysis techniques, as it accounts for stiffness variation in the composite adherend. This
work also confirmed that peak local stresses occur at the terminus of 0° plies, away from
the adhesive centre line [70]. This caused some overly optimistic joint strength predictions,
where 0° fibres were at the laminate surface [70], The authors state that further work is
required to improve this analysis technique [70]. However, it should be noted that, in
aerospace structures at least, the practise of having 0° plies at, or near, the surface of a
laminate is generally avoided. This practise has been adopted so as to avoid damaging the
load 0° plies from common surface damages, such as scratches or gouges. As a result, it

may be possible to use this analysis method in its current form.

An issue that is not addressed by any of these methods is that of the scarf tip geometry.
These methods assume that the scarf tip is machined to a knife edge point. In reality, this
cannot be the case due to the fibrous nature of the material. Attempting to do so will
cause scarf tip 'feathering', see Figure 5-6, which is extremely detrimental to the integrity of
the composite component. Ply trimming is one way to avoid this 'feathering' and it is
explored later in this work in Section 8.4. As a result, according to [87], the effect of scarf
tip geometry has not been taken into account as most, if not all, methods currently
proposed assume a knife edge geometry in the scarf. Accounting for a trimmed knife scarf

tip can lead to avariation in scarfjoint strength predictions [87],

Figure 5-6: Effect of 'feathering’ on scarf tip region of a composite adherend

Work carried out by [89] on the analysis of scarf joints led him to conclude that a set of 5
differential equations would predict the behaviour of scarf joints with similar adherends

and, most notably, would account for a finite adherend tip thickness and peel.
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Figure 5-7: Load equilibrium of the scarf joint overlap region [89]
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Figure 5-8: Sections dx of the upper left and lower right scarf adherend tips showing sign convention {89]

The differential equations were found to be:

dT,
— 2 O X (X) = Cy XY (X) =0
dx
dv.
gxl* C3 X gq(x) = Cy Xy(x) =0
dM, R A Equations
—dx_+cs X Ty(x) = V1(x) — Co X £5(x) + C7 X ¥ (x) = 0 5-12
d*y, . dT, , dM; R .
EX_ZE_CB XE—C‘B Xa‘—clo X Ty(x) — €13 X My (x) = (4

d’¢, , dTy, , dM; A A
E;Zg_ Ca XE;l_ Cia x—Ex—l— Cis X Ty (%) — Gy X My (x) = Cyy

Where the a subscript denotes the adhesive values and the C and € values are constants
and coefficients shown in Appendix 16.2. Appropriate boundary conditions were applied to
these equations, three of which were related to the shear force V;, the moment force M,,
and the normal force T;, which were equal to O due to free edges [89]. Another three
boundary conditions from the edge loads, Ty4, V3,1, and M;; were also applied [89]. The

edge bending moment M,, was calculated by using the Hart-Smith 'k-factor method' [89].
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V14 is then calcuiated using equilibrium considerations and Ty, is simply the applied load
[89]. The seventh applied boundary condition presumes that the peel stress distribution
must be symmetrical, which limits the joints to identical materials and dimensions. This is
represented mathematically as:

de

_ de
dx

0 - _Zi—x- Equation 5-13
x=

x=L

The results obtained in [89] showed that the main difference between the ideal, or
untrimmed scarf and the modified, or trimmed, scarf geometry was that the modified scarf
had more bending in the adherend due to load eccentricity. This will most likely affect the

peel stress distribution but have a minimal effect on the shear stress [89].

The study conducted by [89] also varied the modified tip thickness to investigate its effect
on the peel and shear stress. The results showed that the peel stress values increased

rapidly once the thickness of the adherend tips fell below 0.25mm [89].

The effect of bondline thickness on the shear and peel stresses was also analysed, based on
a modified tip thickness of 1mm [89]. It was found that increasing the bondline thickness
reduced the stresses seen in the adhesive, except for peel stress, which increased when the
bondline thickness exceeded 0.75mm [89]. This increase in peel is most likely attributable
to the increase of load eccentricity seen in the joint [89]. This suggests that increasing the
bondline thickness results in an increase in strength, however this is contrary to what was

observed by other studies [89].

The author of [89] concludes that the analysis he proposes is valid for scarf joints with finite
tip thicknesses of similar adherend materials and dimensions. The shear stress results were
shown to agree closely with the FE results, but [89] concedes that more work is required to
understand the nature of peel. The author of [89] also acknowledges the importance of the

adherends tip thickness on the peel stresses.

Some publications [71, 74, 90], suggest that the standard angle used for scarf joints or
repairs is 3°. Using this angle would require a large amount of potentially healthy,
undamaged material to be removed. This level of material removal can be reduced by
using a higher scarf angle, but it must be ensured that the adhesive bond is not overly
stressed [76]. Equation 5-1, Equation 5-2 and Equation 5-3 show that shear and peel

stresses increase rapidly with scarf angle in through thickness repairs [76]. To investigate

65.



The Scarf Configuration

the effect of increasing scarf angle from 3° would be interesting as it may result in an

effective compromise between material salvage and repair strength.

Current design methodology dictates that the design of a scarf repair is scrutinised by
analysing the highest loaded section in 3D [70]. For simplicity, repairs can be based on joint
designs using a cross sectional geometry of the overall repair [91]. The patch is usually
designed to exceed or equal some level of strain in the composite [91]. Obviously, to do
this analytically would be a long and laborious process and so can only feasibly be done via

FEA.

FEA is possibly the most important analytical tool available to any engineer. Its flexibility
has allowed it to be used to model and analyse a multitude of situations and events. It has
also been extensively used in scarf joint analysis and to investigate a great deal of scarf

variables.

As mentioned previously, scarf repairs can be simplified down to scarf joints. The work
conducted by [70] state that this practice can over simplify the representation of the scarf
repair. This means that all the load must be transferred through the bondline and load
bypass is not accounted for [70]. As a result, scarf joints are limited by the plastic collapse
of the load on the adhesive bond, especially under hot/wet conditions when adhesives are
ductile and have low shear strengths [70]. A scarf repair would be able to enjoy a lower
average shear strain due to the load bypass when subjected to the same load as a scarf

joint [70].

It should also be noted that modelling scarf joints as a stepped joint, or by using a stepped
joint algorithm, is by no means unusual [30]. However, to use this method effectively

requires an extremely fine mesh, even in non critical areas [30].

5.3 Investigations of Factors Affecting Scarf
Repairs

An obvious subject that would be worthy of investigation in a scarf joint or repair is that of
the scarf angle itself and its effect on the performance of the joint or repair. As one would
suspect, the mechanical properties of a scarf joint is heavily dependent on the scarf angle
[87] and this has been shown by Equation 5-1 to Equation 5-6 and Equation 5-8. The work

conducted by [76] studied a range of scarf angles ranging from 3° to 90°. They found that
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the low levels of shear stress present in a 3° scarf joint suggest that a repair using this angle
would be able to achieve a high repair strength. The authors of [56] also conducted a
parametric study on the scarf angle, considering two values of width for the parent plate.
The study concluded that the strength of the joint increases with the reduction of scarf
angle, confirming conclusions put forward by others [56]. This is corroborated by [87], who
describes work on testing co-bonded scarf repairs in tension and reports that a reduction in
scarf angle resulted in an increased failure load. Scarf joints with a scarf angle of 1.1° (1/55
taper ratio) were found to be twice as strong as those with a 9.2° scarf angle (1/9 taper
ratio). It was also reported that the failure shifted from adhesive to adherend with

decreasing scarf angle.

The study conducted by [S5] found that using a shallower scarf angle gives a greater tensile
strength to the joint. By comparing a 1° scarf joint with a 5° joint, the significance of scarf
angle and the influence of imperfections in the joint can be plainly seen. A 1° scarf, which
in this case symbolises a small imperfection in a long fibre composite, causes a knockdown
in tensile strength of a unidirectional composite by as much as 60% [55]. For a 5° scarf
angle, the tensile strength drops by 89% [55]. This clearly shows that a shallower scarf
angle gives a higher joint strength in tension. However, [92] conducted experimental
studies that showed that the strength of scarf joints did not increase without limit as the

scarf angle was reduced, and that the highest scarf joint efficiency was found to be 64%.

The use of overplies, or additional plies covering the repair, was also investigated on the
outer surface and on both the inner and outer surfaces [56, 59, 87]. These are often used
in real world repairs as they can help restore stiffness and strength, enhance load transfer
in the tip region and protect the more delicate scarf tip region from damage [87].
According to [56] scarf repairs without overply support restored the original laminate to
50% of its undamaged strength. The results of this study showed that an efficiency of 70%
of the undamaged strength could be achieved by using over plies on both the inner and
outer surfaces, a great improvement from the 30-60% efficiency of a repair with no overply
[56]. Only reinforcing the outer surface may not improve the efficiency as high as 70% but
it is still highly recommended by [56]). The authors also acknowledge that if the scarf angle
was reduced below 5° the repair efficiency would increase, but at the cost of material
removal [56]. The author of [59] also acknowledges the importance of adding an external

doubler to a scarf repair.
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Due to the fact that there is no low stress region, as observed in a lap joint, a scarf repair
has the potential to experience creep deformation [59]. This creep deformation will
however be much less in a repair than in a joint, due to the effect of load bypass [59]. The
author of [59] continues to state that to address and improve on these issues an external
doubler can be employed, but adds that instead of using a relatively thin doubler, a thicker
combination of external and scarf patch should be used. This will give the benefits of:
reducing the stresses in the scarf region; anchoring the scarf against creep deformation,
even at high stresses; providing an effective barrier against impact damage and allow the
use of higher scarf angles, reducing the size of cut out required and easing implementation

[59, 74].

The author of [87] describes work done by Northrop Corp. and NASA during the 1970's
simulating repairs using plain scarf joints. The efficiency of these repairs in restoring the
parent laminates strength were found to be 77% and 60% respectively [87]. Both bodies of
work sought to improve from these baseline efficiencies through the addition of overplies.
The work conducted by the Northrop Corp. involved the addition of overplies on both the
outer and inner surface of the scarf joint. According to [87], this restored the joint to 100%
efficiency. However, in a repair environment, the addition of the inner overplies may be
infeasible. The work conducted by NASA however is far more valuable as it concentrated
on the application of overplies to the outer surface only. It not only investigated the
relatively simple, square edges overply geometry, but also a tapered overply, which
increased the efficiency of the repair up to 90% [87]. However, little information can be

found on the effect that the nature of the overlapping plies has on joint strength [87].

Another consideration investigated is the fatigue performance of bonded joints or repairs.
While repeated studies of these structures have shown their static performance to be
excellent [87], the fatigue performance has not been analysed nearly as thoroughly, with
very little of the fatigue performance of joints or repairs being compared to that of the
parent material [87]. It would appear that the adhesive system chosen is however a vital
factor in the fatigue performance of a bonded structure [87]. As such the adhesive used

should be optimised to the task.

5.4 Summary

This chapter explored the design and analysis of the basic scarf repair configuration. It was

found that, despite having multiple methods for creating the repair patch, the pre-cured
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and machined configuration was by far the best. It allows for a more reliable repair, as the
integrity of the patch can be ascertained via NDT prior to bonding. It also reduces the risk

of porosity and ply warping.

Various analytical methods were also described, from the basic analysis in [74], to the more
complex analysis described by [89]. The use of the Finite Element method in the analysis of
scarf repairs was also briefly described and it is obvious that this tool will be vital in the

design and analysis of scarf repairs. This is described in more detail in Chapter 6.

Factors that may affect the performance of a scarf repair were also briefly investigated.
The scarf angle is an obvious factor worthy of investigation and it was found that the
variation of this factor greatly affected results. This was unsurprising, considering that with
a reduction of scarf angle, there is an increase in the bondline area, which would obviously
promote load transfer. However, care should be exercised when reducing the scarf angle,
as this increases the amount of undamaged, healthy material removed, which will
undoubtedly weaken the parent structure. The use of overplies was also described and it
was found that, despite being part of a scarf configuration, these behaved in a similar
manner to lap style repairs. These additions were however found to be advantageous as
they increased the efficiency of the repair considerably and are undoubtedly worthy of

further investigation.

With the investigation of the basic configuration complete, a more in-depth analysis would
be required. This would undoubtedly require analytical and computational modelling and

the next chapter seeks to briefly outline and explain some of the methods used.
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6. MATHEMATICAL ANALYSIS OF

COMPOSITE STRUCTURES

Before any design can be finalised it must first be analysed mathematically, be it from
simple hand calculations to more advanced computational modelling. Indeed
computational modelling has become an integral part of modern day engineering. If used
correctly, it can provide a wealth of information. It can also greatly reduce the costs of
research and development of certain components, for example aircraft wings, which can
cost a substantial amount of both time and money and could possibly give very little

information.

Many methods exist but, within the circles of engineering at least, the best known and most
widely used is the Finite Element Method. This method is already well known and
referenced and, although being briefly discussed in Appendix 16.3, no detailed description
will be made in this chapter. However, other analytical methods, such as the Classical
Laminate Theory, will be discussed in this chapter, as well as the Finite Element Analysis of

composites.

6.1 Analytical Methods

As well as FEA, analytical theories are also regularly used to assess composite structures.

The most notable method is arguably the Classical Laminate Theory, or CLT.

6.1.1 Classical Laminate Theory

Classical Laminate Theory, or CLT, is possibly the most commonly used analytical technique
for composite materials. It consists of a collection of mechanics, stress and deformation
hypotheses.  Using this technique, effective and reasonably accurate simplifying
assumptions can be used to reduce a complex 3D elasticity problem to a far simpler 2D

problem [93].

For a simple lamina of an orthotropic material, the stress-strain relationships under plane

stress are shown in Equation 6-1 [93].
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Q1 Q2 O &
[0'2] = [le @, O ] [ & ] Equation 6-1
0  QeellVrz

where the reduced stiffness, Q;; is found by using:

E1 EZ
Q=7T—7"7"7" Q22 =

1= viavy 1— viovp

Equation 6-2
Vi2E, v21E1

Q12 = = Q¢ = G12
1 - viovy 1— viovy

In any other coordinate system in the plane of the lamina, the stresses are:

Qu 0z Qis
[Uy] le % Qzel ] Equation 6-3
Qe 026 Qosl ™

where:
Q11 = Q11c05*0 + 2(Qq, + 2Q¢¢) Sin% 0 cos2 8 + Q,, sin* 6
Q12 = (Qq1 + Q22 — 4Q46 ) sin? 8 cos? @ + Q,(sin* 6 + cos* 6)
Q22 = Qy15in* 6 + 2(Q1, + 2Q¢¢) sin? 6 cos? 8 + Q,, cos* @

Q16 = (Q11 — Q12 — 2Qg6) sin B cos® @
+ (Q12 — sz + 2066) sin3 @ cos @ Equations 6-4

Q26 = (Q11 — Q12 — 2Qgg) Sin3 O cos O
+ (le - Q22 + 2066) Sin9 C053 9

Qo6 = (Qu1 + Q22 — 2Q1; — 2Q4) sin? B cos? 8
+ Qg6 (sin* @ + cos* 6)

The stress-strain relations in random in-plane coordinates are useful in defining the
laminate stiffness due to the random orientation of the basic lamina [93]. Both Equation
6-1 and Equation 6-3 can be considered as stress strain relations for the klayer of a

multilayered laminate [93). As a result, Equation 6-3 can be rewritten as:

{U}k H {E}k Equation 6-5
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The stress strain variation through the thickness of the laminate is essential to know in
order to define the extensional and bending stiffness of a laminate. It is assumed that the
entire laminate is made up of perfectly consolidated lamina and that the bonds between
them are infinitely thin and not deformable by shear [93]. This allows the laminate to be
analysed as a single entity. Accordingly if the laminate is thin, an imaginary line that is
originally straight and perpendicular, or normal to the mid-surface of the laminate is
assumed to remain so when the laminate is deformed [93]. In order to allow this the shear
strains in planes perpendicular to the mid-surface are ignored, where z is the direction of
the normal to the mid-surface, thereby making the statement y,, = y,, = 0 true [93]. It
should also be noted that the strain perpendicular to the mid-surface is also ignored,
therefore &, = 0 [93]. This collection of assumptions constitutes the Kirchoff hypothesis
for plates and the Kirchoff-Love hypothesis for shells [93]. The implications of the Kirchoff
hypothesis on the laminate displacements u,v and w in the x,y and z directions are
derived from the laminates cross section in the xz plane shown in Figure 6-1. The
displacement of point B in the x direction from the undeformed mid-surface is u,, where

the subscripted o denotes the mid-surface values of a particular variable [93].

o

uO
4’ A
1 B
=X
z, c Al
\ D *B B
UNDEFORMED DEFDRMED

CROSS SECTION  CROSS SECTION

Figure 6-1: Geometry of deformation in the x-z plane [93]

Because line ABCD remains straight, even under deformation, the displacement, u, at point

Cis given as:
U, = Uy — Zf Equation 6-6

However, as ABCD remains normal to the mid-surface, § is the slope of the mid-surface in

the x direction:
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dw, .
B =—— Equation 6-7
0x
so the displacement, u, at any point z through the laminates thickness is:
9wo Equation 6-8
U= uy—2z quation 6-
0 0x
Similarly:
6W0 6
V=Vyg—Z— Equation 6-9
0 3y q

So, as a result of the Kirchoff hypothesis, the laminate strains have been reduced to: ¢,; &y

and Yy, therefore the strain in the x direction, the y direction and the xy shear strain is:
&= Yxz= Vyz2=0 Equation 6-10

For linear elastic problems, the remaining strains are:

Ju

7 o

v

—_— Equations 6-11
dy

B 6u+6v
Vay = dy = ox

As a result, for the displacements in Equation 6-8 and Equation 6-9 the strain will be:

_ 6u0 aZWO
% ox ~ P oxz
9 0%wo Equations 6-12
£, = — — Z quations 6-
y ay ayz
dug  0vg 0°wy

or, in matrix form:
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|

where the mid-surface strains are:

and the mid-surface curvatures k,, k, and K., are:

Ex & Ky
Ey ] = 8:3 +z Ky ]
Yxy Y;?y Kxy
dug
ox
EO
ij) = %
H dy
Yy ouyg N v,
[ dy  Ox
- aZWO -
dx?
Kx 52W0
Ky = - ayz
Kxy )
0°wg
0xdyl

Equation 6-13

Equation 6-14

Equation 6-15

The o subscripts are not needed for the curvature or k values as only the mid-surface is

referred to here. It should be noted that a linear variation of strain is apparent in Equation

6-13 and is similartoy = mx + ¢

[93].

These equations do however only work for plates, but can be adapted if required. For

example a cylinder with radius r can be represented in these equations by supplementing

the &, term in Equations 6-11 wit

Wo
h - [93].

By substitution of strain variation through the thickness, Equation 6-13 in the stress-strain

relations, the k" layer can be expressed in terms of the laminate mid surface strains and

curvatures as:

= il S SN RS s e S

) [Qu Gz On K
Iy | = @ % Q26 y +z [ Ky ] Equation 6-16
Txy Q16 Q26 Css K Yy Ky

@7 can be different for each layer of the laminate, so stress through the laminate may not
vary linearly. Figure 6-2 shows a typical stress-variation, where the stresses are linear in

each layer, but discontinuous at lamina boundaries [93].
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.
a —X
[ w
zt 4 I /

LAMBNATE STRAB  CHARACTERISTIC  STRESS
DISTRIBUTION MoDULI DISTRIBUTION

Figure 6-2: Hypothetical variation of stress and strain through laminate thickness [93]

The resultant forces, N and moments M, acting on a laminate are obtained by integration

of the stresses in each lamina through the thickness, for example:

2 2
N, = j tdeZ M, = f tUdeZ Equation 6-17
Where N, is force per unit width of the laminates cross section and M, is moment per unit
width. It should be noted that the integration of Equation 6-17 is not trivial, as it can be
seen in Figure 6-2 that the stresses vary not only from lamina to lamina, but also within the

same lamina [93].

Figure 6-3: (a) In plane forces on a flat laminate (b) Moments on a flat laminate [94]

So, the collection of forces and moments for a laminate are described as:

N, % Oy nooz, [Ox

N}' = Oy [dz = E Oy | dz Equation 6-18
_£ T T

ny 2 Lixy k=1"%k-1Ltxyl,

and
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f [ ]zdz— [ ] Equation 6-19
~3 1 Txy Zg—1|Txy

where n is the number of layers and z;, and z,_; are the coordinates at the top and bottom

surfaces of the kth layer respectively. Figure 6-4 depicts the geometries required to solve
Equation 6-18 and Equation 6-19. It should be noted that these forces and moments are
not dependant on z after integration, but are functions of x and y, which are the

coordinates in the plane of the laminate middle surface [93].

Equation 6-18 and Equation 6-19 can be rearranged to take advantage of the fact that the
stiffness matrix for a lamina is often constant within the laminate, unless the lamina has
temperature or moisture dependant properties or gradients across the lamina [93]. The
stiffness matrix is then moved outside the integration over each lamina. When the lamina

stress relations of Equation 6-16 are substituted, the forces and moments become:

5T A= 7 0
Ny n Qi1 Q2 Q12 2 5:8 Equation
Ny | = Q12 Q22 Q2 &y |dz + zdz 620
=10 0. 0. —1 {40 - K -
Ney] =106 Q26 Qes o L7 v Zke=1 L Cxy

Ny | = Z % Q_zz_ Q26 f zdz
ny k=1]1Q44 Q- 066 k=1 yxy Equation

6
6-21
+f I ]z
Zp—q ny

The mid surface strains and curvatures: &7; £; Vg Kx; Ky and Ky, can be removed,

giving:
N, Ay, A Ae1[82] [Bi By Bigl[X
11 12 16 0 11 12 16 x Equation

Nyl= (A2 Az Azel| &y Bi; By Bag|| Xy 622
Nyy Aie Aze  Ascl|yl, Big Bze Besll¥xy
M, Bij1 By; Big £ D11 D1z Dig][¥x Equation
My |= By, By, Bse||€|+ |Dz Dy Dac||® )

y 12 D22 Dag|| &y |+ [Pz D2z Dze|| ¥ 6.23
M.y Bis Bae V2 Dig Dze Deell¥xy
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where:

n
Ajj = Z(Q—u)k(lk = Zx_1)
k=1
1 n
Bii = EZ (Q_U)k(ZI% - 213—1) Equations 6-24
k=1

n
1 —
Dy =3 (@), (e - 72)
k=1

The A values represent the extensional stiffness, the B values represent the extension-
bending coupling and the D values are the bending stiffness. The presence of a B value
implies a coupling between the bending and extension of a laminate, or that the laminate is
unsymmetrical. As a result, it can be stated that if a laminate with a B term is loaded in
tension, it will twist and/or bend at the same time. It can also be said that such a laminate

will be loaded in tension along the mid surface should it be subjected to a moment [93].

] {1

}
: {2 :
2| %, é

zZ, MIDDLE SU RFACE-J

- t
Iz } { Zk—1 ,
LK L * e,

3 'y [

3

{N
LLaver numeEn

Figure 6-4: Geometry of an n layered laminate [93]

Certain texts add another part to the matrix, namely the H matrix [94]. This matrix

represents the interlaminar shear stiffness:

Vy] _ [Has Has)[Vyz .
[Vx] = [H45 HSS] sz] Equation 6-25

where
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n
Hy = 23 @), |¢ it‘2+£-"—45 Equati
l] - Z (Qlj)k k — tz ka 12 ’ l’] - n quatlon 6-26
k=1

with t; given as the thickness of an individual lamina k and Zj is the coordinate of the mid
surface of the kth layer [94]. Unfortunately, CLT only applies to plates that are infinitely
long and wide, so edges are ignored [94]. As a result, real world features, such as holes or a
finite width are not accounted for. The reason being that the assumptions for CLT break
down and the in plane stresses do not satisfy the local equilibrium on the stress free
boundaries [94]. The through thickness and shear stresses can be calculated by either

advanced applied mechanics theories or from FEA [94].

6.1.2 First Order Shear Deformation Theory

An alternative to CLT is the First order Shear Deformation Theory, or FSDT, which is also

known as First order Laminated Plate Theory [95].

Unlike in CLT, where the normal line ABCD in Figure 6-1, remains perpendicular to the mid
surface under deformation, FSDT accounts for some deformation here, as shown in Figure
6-5 [95). This effectively introduces transverse shear strains into the theory. The fact that
the transverse normals cannot be extended means that w cannot be a function of the

thickness coordinate z [95].

Figure 6-5: Undeformed and deformed geometries of an edge plate under the assumptions of FSDT [95]

Using the same assumptions as in CLT, the displacement field of the first order theory is:
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uxy,z,t) = ug(x, y,t) + z¢(x,y, t)

v(x,y,z,t) = vo(x, 3, t) + zd, (x, 3, t) Equations 6-27

W(x:yyzy t) = Wo(x:y,t)

where u,, v,, w,, ¢, and ¢y are unknown functions to be determined. Again, u,, v, and w,
represent displacements of a point on the plane z = 0 [95]. It should be noted that:

6u_ 617_

—— _—= Equations 6-28
0z Px 0z 2

therefore, ¢, and ¢, are the rotating of a transverse normal about the y and x axis
respectively, see Figure 6-5 [95]. The author notes that this notation does not follow the
‘right hand rule’ and can be quite confusing, however Reddy [95] does state that this
notation has been used extensively in literature and that it would be prudent to continue
with it. As a result, if B, and f,, denote rotations about the x and y axis respectively. So,

from following the right hand rule:
ﬁx = "¢y ﬁy = ¢x Equations 6-29

The quantities u,, v,, W,, ¢, and ¢,, are called the ‘generalised displacements’ [95]. For
thin plates, when the in plane characteristic dimension to thickness ratio is =50 or greater,

the functions ¢, and ¢,, should approach the slopes of the transverse deflection:

aWO aWO
¢x - — ¢y = —— Equations 6-30
ox

The nonlinear strains associated with the displacement field in Equations 6-27 are obtained

by using these equations with Equations 6-31 [95].

! (BW)Z v N 1 (6W)2
= 5 T2 \ox y = dy 2\ay
_Ow 1 (au N v + ow aW) Equations
f2z = by = 3 dy  dx ox dy 6-31
_ 1(au+OW) _ 1(av 6w>
2= 2\5z " ox &2 = 7\3z dy
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we get:

_ N 1 (awo)z A,
B = 5 T2\ ax ) T ox
du, 0vy 0Owy 0w d a
ny=(—°+—° : °) z( Px | ¢y>
dy dx 0dx Ody dy  Ox
Equations 6-32
vy 1 awo)2 a0,
Eyy 3y + > ( 3y + ZTy_
aWU aWO
yxzz'a_x_'*'(ﬁx szz'W'Fd)y €2 =10

It should be noted that the strains &y, £y, and ¥y, are linear through the laminate

thickness, whereas the transverse shear strains y,, and y,,, are constant [95]. This constant

value is however only an approximation of the true stress field, which is at least quadratic

through the thickness [95].

As a result, the strains in Equations 6-32 look like:
CAANNES
Exx £© £
Eyy vy yy
);yz = < ‘yJEg) A ng) >
Xz 0 1
Yay YX(Z) YJEZ)
mﬁ% U’gz))
Equations 6-33
( auO 1 (aWO)Z )
Ox 2\ 0x ( 0P,
c oy, 1 (awo)z dx
5;:, dy 2\ 0y dy
Vyz0p = { owo b, b+ 24 ag’ y
Yxz dy 0
Y. 0wy
Xy = + ¢, L3¢x + %
du, N v, 0w, dw, dy  0xJ
\dy dx dx dy )
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6.1.3 Third Order Shear Deformation Theory

Again, the Third Order Shear Deformation Theory, or TSDT, is derived from the same
theories as CLT and FSDT. However it does assume that the transverse normal, line ABCD
in Figure 6-1, does not remain straight as in the previous theories [95]. TSDT assumes that
the straightness and normality of the transverse normal after deformation by expanding
the displacements (u,v,w) as cubic functions of the thickness coordinate[95]. This is

shown in Figure 6-6.

When considering the displacement field:

U= uy+z¢, + 220, + 231,
V= vy+2z, + Zzey + Z3/1y Equations 6-34

w= wgy
bx, Py, Oy, 6y, A, and 4, are functions that need to be determined. As a result we have:

ug =ulx,y,0,t) vy =v(xy01t) wy=w(xy01t)

du ov 0%u Equations
by = (—) - (_) 20, = (_)
*= \82)e0 P T \5; z=0 * \a/,_, 6-35

%v d3u _ (9%
293, = 52—2 6ﬂ.x = 52—3- 6Ay = ﬁ
z=0 z=0 z=0

It can be seen that there are currently 9 unknowns and using Equations 6-34 will result in 9

second order differential equations [95].
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2w

Figure 6-6: Deformation of a transvérse normal according to Classical, First Order and Third order theories

[95]

By applying certain boundary conditions, the number of dependant unknowns can be
reduced. For example, applying a traction free boundary condition on the outer plies, i.e.

the top and bottom plies of the laminate:
h h )
Oxz (x, y, 2 ) =0 Tyz (x y,x 2 s t) =0 Equations 6-36
which in strain terms becomes:

h
0=oxz(x y,_2 )

= QSSYXZ (x! Y t

Nlb‘

Nl;“
-~

) + Q457y2 (x y'

Equations 6-37

h
O—cfyz(x,y,_2 )

h h
—Q45yxz(xyr—2 )+Q44sz(xy’—2 )
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and for arbitrary terms, Q;;:

h
0 =Yy, (x Ytz ) dx + + (226, + 32%,) poih

N

h
0="Y (x YD, ) ¢y + +(2z9 +32%4,) _,
As a result, the dependant unknowns are reduced to:

aWO 3h2
¢x+3x—+ —hgx-{-Tlx =0

ow, 3h?
¢x+a'+ h9x+T/1x =0

Equations 6-38

or.
4 aWO
= —— 6,=0
Ax 3h2 (¢ + ax) o
Equations 6-39
4 BWO _
b= 3 (¢y dy ) % =0

The displacement field, Equations 6-34, can now be expressed in terms of ug, vy, Wy, @

and ¢,, using the relationships in Equations 6-39 [95]:

u(xlylz: t) = uO(xlyl t) +Z¢x(x y' t)

4 ( +aw0)
3\t 5

v(x,y,2,t) = vo(x,y,t) + 2z, (x, ¥, t)

4 dwg Equation 6-40
7 (45
y

W(xly1 Zl t) = Wo(x,y, t)
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As a result, a third order theory can be derived from Equation 6-40 by substitution of the
displacements into the nonlinear strain-displacement relations in Equations 6-31 thereby

yielding the strains [95].

0 1
Exx ga(cx) eix) sz(ci)
{Eyy} = 83(,2,) +z s)(,;) + 23 s)(,i,) Equation 6-41
Y
> W) Wl W
(0) (2)
Yyz) _ JYyz 2)Yyz —
{sz} = { (0)] +z @ Equation 6-42
yxz YXZ
where ¢, = 3¢y and ¢y = 3—:2-:
o, 1(2m)” )
g}(:g_) ox 2\ 0x
2
53(;(;;) =3 % l(aﬂ) Equation 6-43
) dy 2\ dy
Vey duy vy dwg dwg
\dx dy Ox dJy)
(0
1 ox aWO
Exx © by +——
3(1) = ?ﬁ Vyz = g Oy Equation 6-44
o % Vis o
pv4 —
o) |09, 00y AR
\ dy ox J
( 0¢x 9wy )
@ dx = 0x?
ol ) g,  9%w,
Eyy (= —C1 W ayz 4
3)
yxy a¢x n 6¢y +2 aZWO
\dy  Ox d0x0dy)
Equations 6-45
@ ¢, + oo
2 _—
{yyz ] = —c, y ay
Ve oo
0 ox
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6.1.4 Layerwise Theory

When the analysis concentrates on determining the global response of the laminate, simple
Equivalent Single layer Laminate, or ESL, theories are sufficiently accurate, especially for

very thin laminates [95]. CLT and FSDT are examples of such theories [95].

These theories are sufficient for the analysis of secondary components, however as the use
of composites shifts from secondary to primary components ESL theories have limited value
[95]. This is due to the fact that determination of the global response may require a more
refined analysis that accounts for the increased thickness of primary components [95].
Another factor is that the assessment of local damage initiation, which begins with an
accurate determination of the 3D state of stress and strain at the ply level, regardless of the

required level of accuracy required [95].

As a result, the analysis of primary components requires 3D elasticity theory, or a layerwise
theory with 3D kinematics and constitutive relations. By employing the equilibrium of
interlaminar forces, it follows that the continuity conditions seen in Equation 6-46 hold
between the stress fields of adjacent layers at their interface, shown in Figure 6-7.

Oxx k) Oxx (k+1) Oz ) Orz) K1)

{0-3’3’] + io.yy} {Jyz} — {Gyz} Equation 6-46

Oxy Oxy Ozz Ozz

It can also be stated that since [(—?(")] * [Q("“)] the strain fields of adjacent layers satisfy:
Yz} Yaz) D
Yyz * {Vyz
€z €2z
It should also be noted that the transverse stresses at the interface of two plies, or
interlaminar stresses, are discontinuous [95], therefore:
Oz (k) Oxz (k+1)
Tyz * {0yz
GZZ JZZ

According to Reddy [95], there are two classes of displacement based layerwise theory:

Partial and Full layerwise theory.
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Figure 6-7: Equilibrium of interlaminar stresses [95]

The partial layerwise theory uses layerwise expansions for the in plane displacement
components and when compared to the ESL theories, can provide more accurate
kinematics of a laminate by introducing discrete layer transverse shear effects into the
assumed displacement field [95]. Full layerwise theory uses layerwise expansions for all 3
displacement components, adding both discrete layer transverse shear and discrete layer
transverse normal effects [95]. These theories allow the in plane displacements of each ply

to vary through the thickness of the laminate [95].

Using Reddy’s full layerwise theory, the displacements of the k" layer are written as:

m
j=1
m
Equations 6-47
v*(x,y,2,t) = Z vf(x,y, )9 (2) |
j=1

Wk y, 2,0 = Y whey, OwE@)
j=1
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where uk

, v¥ and wk represent the total displacement components in the x,y and z
displacements respectively at a point initially located at x, y, z in the undeformed laminate
[95]. The functions ¢f(z) and 1 (z) are continuous functions of the thickness coordinate

z [95). It should be noted that, in general, % # ¢* [95].

The functions (,b]’-‘ (z) and lp}‘(z) are selected to be layerwise continuous functions, meaning
that they can be chosen, for example, to be 1D Lagrange interpolation functions of the

vk

thickness coordinate [95]. In this case u¥ j

£, v} and wf* denote the values of u¥, v and wk
at the j™* plane. The number of nodes through the layer thickness, n, defines the
polynomial degree p = n + 1 of 1/)}'-‘(2), which are only defined in the k" layer [95]. Figure
6-8 shows a rough depiction of this [95]). The functions u]'-‘(x, y,t), v}‘(x, y,t) and
wj"(x, y, t) represent the displacement components of all points located on the jt* plane,

defined by z = zj in the undeformed laminate [95].

U[ (DI(Z)

Figure 6-8: Displacement representation and the linear approximation functions ®!(z) used in the layerwise

theory [95]

As the thickness variation of the displacement components is defined by Lagrangian
interpolation functions, the displacement components will be continuous throughout the
laminates thickness [95]. However, the transverse strains will be discontinuous across the

interface between thickness subdivisions [95].
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By including additional 1D subdivisions through the thickness, or by using higher order
Lagrangian interpolation polynomials, also known as h or p refinement respectively, allows
an increased degree of displacement variation through the thickness {95]. It should be
noted that this explanation is for a very general layerwise theory, as the number of
subdivisions through the thickness can be less than, equal to, or greater than the number of
plies [95]. Each ply can also have a linear, quadratic or higher order polynomial variation of

the displacements [95].

The total displacement field of the laminate can be written as:

N
@y, = ) Uixy,09'()
=1

Equations 6-48

N
v(x,y,zt) = Z Vi(x,y, t)®!(2)
I1=1

M
w(x,y,z,t) = z W, (x,y, )W (2)
I=1

where U;, V; and W, denote the nodal values of u, v and w. The variable N is the number of
nodes and &' represents the global interpolation functions for the discretisation of the in
plane displacements through thickness [95]. The variable M also represents the number of
nodes and W/ represents the global interpolation functions for discretisation of the

transverse displacement through thickness [95].

If N, is taken to be the number of numerical layers through the thickness, then the linear

variation through each numerical layer would be:

N=N,+1
®'(2) = Y{V(2) 7 <2<z

(1-1) .

z), Zj.1.<z=5z2 Equat
@ (2) = 'sz (2) -1 i (I =23,..N,) quations

Y, (2) , 2 <2< 24 6-49

oV (2) = P (2) ZynaSz<zy
with
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z z .
}k) =1 _h_ ’ gk) =1 _h_ ) 0<z<h Equation 6-50
k k
For quadratic functions:
N=2N,+1
o(z) = YyM(2) z, <z<z
Equations
P2 (z) = 1/)51)(2) Zy-1 S2<Zyyy (U=12,.,N,) 6-51
lpgl)(l) v Z21-1 S Z S Zpp41
P2*1(z) = T+1) I=12,...N,—-1)
Yy (2) 22141 S Z S Zgp3
®V(2) = M (2) ZN-1SZS2Zy
with

-2
1 h ! hy

-l
=4—[(1-—
2 he\ hg

Equations 6-52

3 hy hy

Zok-1 S Z S Zokt1

where hy is the thickness of the k" layer, Z = z — z¥ and z} denotes the z coordinate of
the top of the kt* numerical layer [95). Independent in plane and transverse displacements
approximations are assumed so as to include the possibility of inextensibility of transverse
normals. To include the inextensibility of transverse normals M and W should be equal to

1 for every z [95].

The von Karman nonlinear strains associated with the displacement field, Equations 6-48,

are [95]:
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Equations 6-55
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Due to the layerwise definition of the functions &' and ¥’ the strains are discontinuous at

the layer interfaces [95].

By using 3D stress-strain equations, the stresses in the kt" layer can be calculated:

Txxy O &l Elz_ _CE 0 0 &-(k) Exx — QAT K

Tyy Cn Loz Gz 00 Gy Eyy — @yyAT _
Ozz |G G3 Gz 0 0 G5 £,5 — 0z, AT Equation
Oz o0 0 T Gs O Yyz 6-56
Oxz 0 0 0 Z‘; C_ss 0 Yoz

) |G T T 0 0 Gl VT 2@0AT

. - - - ——(k .
Where q;; is the thermal coefficient, AT is the change in temperature and the Cu( ) matrix
is the transformed elastic coefficients in the xyz system, which is related to the elastic

coefficients in the material coordinates, C;j, by:
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[E] = [T] [C] [T]_l Equation 6-57

where [T] is the transform matrix based on the rotation about a transverse normal to the
lamina:
cos? 6@ sin® 6 2sind cos 8
[T] = sin? @ cos? 6 —25sin@ cos 6
—sinfcosf sinfcosf cos?B —sin%0O

If inextensibility of transverse normals is assumed, the plane stress reduced stiffness can be
used instead of the 3D stiffness. It should also be noted that the strains at a layer interface
k+1
P

is dependent on the layer, so {e}¥ # {¢}

k +1([95].

at a point P on the interface of layers k and

6.2 FEA of Composites

Stress and deformation of composites can be conducted using FEA and at varying levels:

Micromechanics; Lamina and Laminate [94].
?z
"7 :
W= —

e

~

Figure 6-9: Levels of analysis from left to right: Micromechanics; Lamina and Laminate levels [94]

The required level to analyse a structure is dependent on the accuracy of the model
required. For example, if a great deal of accuracy is required, the stresses and strains are
calculated at the micromechanics level [94]. In this case it will be necessary to describe the
fibre, its shape and the matrix surrounding it, the distribution of the constituents and their
material properties. A typical approach is to use the rule of mixtures, or the Reuss Model

[94].

The rule of mixtures assumes that the strain tensors in the fibre, matrix and composite are
the same, soe = & = &, where the f and m subscripts denote the fibre and matrix
respectively. Strain tensors are indicated by boldface type, or by their components using
index notation; so V;, C, S and I, denote the volume fraction, stiffness and compliance
tensors and the 6x6 identity matrix respectively [94]. As a result of all the strain tensors

being equal, they are also equal to the 6x6 identity matrix:
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1 e 0]
0 - 1

It can then be stated that A; = I, where A; is the strain concentration tensor, in contracted
notation, of the i-th phase [94]. The rule of mixtures for E; and v,, are derived and
computed this way. It should be noted that for fibre reinforced composites, i represents

either fibre or matrix, by substituting f or m respectively.

A less detailed approach would be to treat the composite structure as a homogeneous
material. Orthotropic properties are commonly used when implementing this technique
[94]. This can involve using CLT or Kirchoff Theory. However, this approach may not be
feasible in certain situations: when the composite is built up of woven material; if the
laminate is very thick; or when studying localised phenomena such as free edges. When
this is the case, the composite should be analysed as a solid. Practically however, plate and

shell simplifications can be used to analyse laminated structures [94].

When using the laminate, or macro scaled approach, only the laminate stiffness’ are
required. In certain cases, an even simpler material description will be sufficient, for
example if the material is unidirectional or if the laminate is balanced and symmetric, it can

then be modelled as a single lamina of orthotropic material [94].

The elastic laminate properties required to run a macro scaled model can be put into
matrices, namely the A, B, D and H matrices. It allows the behaviour of the aggregate
composite material to be input with few parameters [94]. The reduction of complexity in
the input data allows the modelling of an unlimited number of lamina in a laminate using
only 4 matrices [94]. When using the ABDH matrix, the model has the correct stiffness, but
does not have the stacking sequence. The lack of stacking sequence means that the stress
components of the model has no reference where the lamina material properties change
and as a result cannot give the stress distribution in the laminate [94]). Despite this, the
simple description of the laminate is more than adequate to show displacements, buckling

loads and modes and vibration frequencies and modes [94].

If stresses and strains are required, the laminate stacking sequence must be input into the
model. This involves inputting the elastic properties, thickness and orientation of each
lamina. This is commonly referred to as the meso-scale approach and is represented by the

central diagram in Figure 6-9 [94].
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Generally, a lamina is always modelled as an orthotropic material, while a unidirectional
lamina is in fact transversely isotropic. As a result:
E;=E, Equation 6-58
and
E;

T 2(1 +vyp3)
are entered as properties for the orthotropic material.

623 Equation 6-59

The elastic properties of a unidirectional lamina can be computed using a micromechanical
approach, or by using experimental data, which is usually the case. This is not ideal
however as any changes in the composite, for example, a change in constituents or volume
fraction, nullifies the material data obtained up to that point and will require a new
mechanical test study [94]. It may therefore seem more prudent to incorporate the
micromechanics approach. Unfortunately, this approach is not accurate enough to predict

strength and as a result mechanical testing cannot be ruled out [94].

In commercial FE codes, various shell and plate theories are implemented and
differentiated by element types, namely shell elements [94]. By using shell elements,
laminate properties can be specified in one of two ways: by defining the constitutive
matrices; or by specifying the individual lamina properties [94]. When the average
properties are used, the shell elements cannot distinguish between different layers, they
can only relate generalised forces and moments to generalised strains and curvatures [94]).
Layered shell elements have the capability to compute laminate properties using the
stacking sequence of the laminate and the lamina properties, which allows modelling at the
meso-scale [94]. This can however be more computationally intensive and require more

time to solve.

6.3 Summary

In this chapter, the computational and analytical methods of investigating composites have
been outlined. The derivation of the formulas for the Finite Element Analysis of a 1D bar
element was shown, which if necessary can be advanced onto 2D and 3D analyses with
some additional processing. Analytical methods for investigating composite laminates,
varying from Classical Laminate to Layerwise Theory, have also been outlined. A brief
explanation on how anisotropic or orthotropic materials such as composites are modelled

using FEA was also included in this chapter.
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The Classical Laminate Theory will undoubtedly be used later in this work to ascertain the
material properties and adopting the Layerwise theory in constructing the computational

models would allow a more accurate prediction of the behaviour of a laminate.

Using these theories, it may be possible to create an initial model to investigate various
repair methodologies and advance this to eventually create a model fully representing a

repair in a laminate structure.
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/. BUILDING THE BASIC M ODEL AND

THE COMPARISON OF BONDED

REPAIR METHODS

This chapter describes the initial investigation into the effectiveness of bonded repairs in a
simple coupon geometry. The conclusions gathered from Chapter 3 suggest, quite candidly,
that out of the bonded repairs investigated, scarf repairs are the best configuration. To
independently confirm this, a basic numerical study was created comparing various resin

and bonded repair configurations, shown in Figure 7-1.

Adhesive

b) wmgmmammammn

Composite

Figure 7-1: Repair configurations compared - a) damaged; b) resin repair plug; c) resin filled lap repair and d)
scarf

A stepped configuration was not investigated due to the detailed meshing requirements as
described in Section 5.2. The development of a basic finite element model is also discussed
in this chapter along with the material properties and boundary conditions used. A

convergence study was also carried out to ensure the mesh density used was correct.

7.1 Initial Attempts

It is currently standard practise to model composites topographically in FEM by using 2D
shell elements. These elements are usually given orthotropic properties that describe the
entire laminate, rather than individual plies. This presents a difficulty in modelling a

laminate with a varying cross section, for example simulating a scarf configuration using this
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method would result in a stepped cross section as shown in Figure 7-2, when not
considering degenerated elements. Despite it being possible to model scarf joints and
repairs this way, the extremely fine mesh required in large sections of the model using this
method, described in Section 5.2 and the fact that it may not allow an accurate depiction of

the stresses in the bondline means it may be unsuitable for this study.

Composite Adherend

Real World Tapered Joint
Adhesive Bondline
Stepped Joint

Figure 7-2: Comparison of a tapered joint and a simulated joint using a topographic 2D orthotropic shell

elements modelling approach

An alternative method would be to model the laminate using the cross sectional geometry,
while still using 2D elements. This would allow a more representative simulation of load
flowing from one adherend to the other. However applying this method also presents
some difficulties in accurately applying appropriate material properties. Correctly
modelling the +45° plies is particularly difficult, as their orientation will be modelled to be in

the zx plane as opposed to the Xy plane using existing properties, as shown in Figure 7-3.

Modelled Fibre Orientations Ply Orientations

111 >0 PV j

/1777777777
+ SBBBP
y

X

a)

Required Fibre Orientations

Figure 7-3: a) The modelled orientation of fibres when adopting a cross sectional modelling approach; b) The
required orientation of fibres when adopting a cross sectional modelling approach
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In order to correctly apply the properties in an out of plane direction, transformation
relations can be used, examples of which can be seen in [96]. Using these it is possible to
apply the appropriate approximate expression to find the Young's and Shear modulus, the
Poisson's ratio, shear coupling coefficient and the stress-strain relations. However, while
applying these relations would allow a viable 2D model to be built, it will not capture any
out of plane behaviour that may present itself. As a result, it was decided to advance to a

3D model.

The creation of a 3D model required the mixed use of 3D hexahedral elements in the main
body of the model and pentahedral elements in the scarf region and would result in a non-
stepped interface as opposed to that when using shell elements. Despite this, their use can
have the disadvantage of being computationally labour intensive and can increase the
amount of time required to solve a model. It was however decided that the increased

accuracy presented by using a 3D model would more than make up for this.

As a result, by modelling the cross sectional geometry of the joint in 2D and then extruding
the mesh by the required number of elements into the 3D plane, a viable model was

produced. The process can be seen in Figure 7-4.

Geometry Mesh Extrude

Figure 7-4: The process by which the meshed geometry of the model was created
This method also allowed the modelling of each individual composite ply, in a similar
method to that used in the layerwise theory, discussed in Chapter 6. This would allow an
even better insight into the interaction of the composite laminate with the adhesive and

the patches used in the repairs.

7.2 Initial Model Building

Having found a viable modelling method, an initial numerical study could be conducted.
However, this required inputs for geometry, material properties, loading and boundary

conditions.
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7.2.1 Geometrical Input

The geometry of the initial model was based on that of a mechanical test specimen used in
an associated study [2]. This numerical study sought to ascertain the best method of
restoring stiffness to the damage region. However, before that could be done, the original

baseline of an undamaged model had to be created.

Ideally, the overall length of the model should be long enough to ensure that the load
applied is able to distribute itself evenly in the geometry. This is done in mechanical testing
and in Finite Element Modelling (FEM). However, due to limitations in the computational
resources available, this length had to be reduced to allow the model to run. Despite this
reduction, the stresses are evenly distributed in the geometry. Due to the symmetrical
qualities of the test specimen geometry, it was also possible to reduce the required analysis
area to a quarter of its original size. This thereby reduced the dimensions of the model
from 180mm long and 32mm wide to 90mm long and 16mm wide. The thickness however
would remain the same and would be dependent on the layup and material used in the

laminate.

The main body of the model would be made up of a generic Intermediate Modulus (M)
Uni-Directional (UD) pre-preg composite material, using a Quasi Isotropic, or Q.l. layup of
16 plies and a nominal post cure thickness of 0.25mm for each ply. The layup of the
laminate was input as [+45/-45/90/0],s, with the 0° plies being orientated along the loading
direction, i.e. the x axis. This would thereby give the total laminate a thickness of 4mm and
the repair region a thickness of 4.2mm when accounting for the 0.2mm nominal thickness

of the adhesive bondline, as seen in Figure 7-5.

With the geometry now input, the material properties could then be described.

7.2.2 Material Properties and their Input

A full description of the properties relating to the materials used in this work cannot be
given due to the non-disclosure agreements surrounding them; however a qualitative

description is allowed.

The composite material used was a generic, Uni-Directional (UD) Carbon-Epoxy pre-preg
with Intermediate Modulus (IM) fibres and a nominal post cure thickness of 0.25mm. Itis a
system that is cured at 180°C in an autoclave, is currently used on existing aircraft

structures and has been subject to a considerable number of studies to accurately ascertain
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its material properties. The properties used for this study were gathered from data given

by the manufacturer and also from independent studies relating to their qualification.

Figure 7-5: Geometry of initial scarf model

The incorporation of the composites material properties into the model required that they
be read into an ABD stiffness matrix. This was done by calculating the compliance matrix
from the Young's modulus Ellt E22 and E33, the shear modulus GI2] Gi3>Gzs and the
Poisson's ratio v12 v13, v23, v21, v31 and v32. From this, the stiffness, or ABD matrix, was
found by calculating the inverse of the compliance. Due to the material being UD in nature,

it was possible to simplify the matrix down to:

Equation 7-1

Symmetrical

A similar process was used for the *45° and 90° ply orientations, however the material
properties at these orientations had to first be calculated via CLT, see Section 6.1.1, before

their stiffness matrices were derived. These properties were then input into a MAT9 3D

anisotropic card for each ply orientation.

The adhesive modelled in this study was a widely used and readily available 120°C cure

system with a non-woven scrim, relatively good shear properties and good chemical
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compatibility to the composite material used. The presence of the scrim in the adhesive
refers to fine glass fibres embedded within the adhesive to ensure a constant bondline
thickness of 0.2mm; it offers no structural or chemical benefit. The choice of the 120°C
cure adhesive system is noteworthy, as adhesives are available that cure at room
temperature, or at a reduced 90°C, which would be easier to use. However a general rule
of thumb with adhesives is: the higher the cure temperature, the better the properties. A
180°C system is also available, however the curing of this adhesive on the composite may
cause the surrounding structure to approach and exceed its Transition to Glass
temperature, or T;. This would result in a major degradation of the surrounding composite
material. So while the 120°C cure system may not give the best results in general, it gives

for the situation being considered in this work.

Like the composite material, the adhesive was extensively studied in order to gather the
most accurate material properties. The fact that it is Isotropic in nature, unlike the
composite, does simplify the material property input. Using an isotropic MAT1 card, the
Young’s modulus, E, shear modulus, G;,, and Poisson’s ratio, v,,, were input into the

model.

With the properties of the materials now input, it was then possible to apply them to the
appropriate elements, making each ply orientation and the adhesive an individual
component. Doing this will make post-processing and any future manipulation of laminates

layup considerably easier.

7.2.3 Loading and Boundary Conditions

The loading and boundary conditions applied to the model are required to represent a
tensile test. A uni-directional load being applied in the x direction was necessary to do this,
however it will have to be sufficiently small so as to ensure that it remains within the elastic
region of both the composite laminate and the adhesive bondline. Failure to do so drives
the material into non-linear behaviour, which is not possible to predict with the current
material properties. Initial mechanical test results revealed that a tensile load of 15kN

would meet these requirements.

There are several methods available to simulate the loading, one of which is to consider it
as a pressure load. This form of loading considers that the load is distributed evenly across

the face of the element. However, in reality it is the nodes that are loaded, so for
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hexahedral element, the load P is modelled as:1 on each of the 4 nodes on the loaded face

of the element, as shown in Figure 7-6.

In the usual case where more than one element is presented as a loaded face, the load of
these corner nodes will be added together, so considering a 2 x 2 face, the load
distribution will be as shown in Figure 7-7. As such, this was the loading used to apply the

15kN load to the initial models.

Figure 7-6: How pressure loading is applied to elements: the idealised on the left and the reality on the right

The symmetrical nature of the model offered the benefit of only requiring a quarter of the
geometry to be simulated. However, boundary conditions were applied to represent the
un-modelled geometry and ensure realistic behaviour of the model. These boundary
conditions constrain the movement of the nodes to which they are applied. A simple
example is if a constraint of x = 0 is applied to a node, it will be free to move and rotate in

any other direction, but not along the X axis.

Figure 7-7: Load distribution of a 2 x 2 element model using pressure loading assumptions
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For the geometry being simulated in this study, the boundary conditions can be seen in

Figure 7-8, which represent the clamping and the geometry of the un-modelled repair.

z=0
(Lower edge only)

Figure 7-8: Boundary conditions used in the initial models

With the model now built, it was then possible to fine tune the mesh, so as to ensure the

models accuracy.

7.2.4 Modelling Assumptions

Any numerical analysis invariably has some assumptions that idealises certain behaviours.
This is done to limit the variables required and to simplify the analysis. In this study, it was
assumed that the manufacturing of the repair was perfect. This would mean that the
composite plies were perfectly aligned and completely cured, with no imperfections and
ran perfectly parallel to one another with no undulations. The thickness of these plies was

also equal their nominal cured thickness of 0.25mm.

Similar assumptions were made regarding the adhesive. It was assumed that its thickness
was equal to the nominal cured thickness of 0.2mm and that the curing process was carried
out perfectly. This results in a good physical and chemical bond to both adherends, with no
porosity and allows good load transfer from one adherend to the other, through the

bondline.

It was also assumed that any cutting or machining was also be carried out perfectly,

offering smooth, undamaged edges on all surfaces.
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7.3 Convergence Study

Any new set of numerical models should, as a general rule, have a convergence study
conducted before an analysis takes place. This is done to ensure that the correct mesh
density is used in the analysis region: too coarse and the analysis will not be accurate; too
fine and the analysis will take far too long to solve. In order to carry out this study, a simple
butt edge joint was used, shown in Figure 7-9. It was originally envisaged that the square
edge presented by the butt edge tip would offer an ideal measuring point. However, upon
running the first model, it was found that the node at the tip of the knife edge of the

uppermost 0° ply may be a better method, shown in Figure 7-10.

Composite

Figure 7-9: Joint model geometry used in Convergence Study

For various mesh densities, the tensile x stress of the knife edge node was measured. This
was then plotted against the degrees of freedom present in the model, shown in Table 7-1
and Figure 7-11. It can be seen that convergence, represented by a horizontal gradient or
line, takes place between a mesh density of 0.1 and 0.075, or 506088 and 892080 Degrees
Of Freedom (DoF) respectively. As the model with a mesh density of 0.075 took
approximately a week to run as opposed to a few hours for the 0.1 mesh density. It was
decided that the minimal 3% increase in accuracy offered by the 0.075 model did not merit
the drastic increase in analysis time. As a result, it was decided that a mesh density of 0.1

would be used in the bondline region.

90° Ply
+45° Ply
-45° Ply

Location of node used for stress measurement
Figure 7-10: A close up view of the upper bondline termination showing the location of stress measurement

used for convergence study

This was modified slightly so as to increase the number of elements through the thickness

of the bondline to three. This was done as it was considered good practise. This fine mesh
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in the bondline region would then become less dense and coarser as the distance from the
bondline increased, thereby reducing the number of elements required and reducing the

analysis time.

Table 7-1: Results of Convergence Study

0.5 9.8 10980
0.4 9.8 18048
0.3 10.4 24480
0.2 10.9 55872
0.1 13.0 506088
0.075 13.4 892080

Convergence Study

Degrees Of Freedom

Figure 7-11: Tabulated results of convergence study

The resultant mesh and it's advancement from dense to coarse can be seen in Figure 7-12.
Using this mesh, it was then possible to analyse the various configurations outlined in

Chapter 3.

7.4 Configuration Analysis

To investigate the effectiveness of certain repair configurations, models were created of a
plain, undamaged coupon and a damaged specimen. These models would then be used as

baselines to compare against the repair configurations being investigated: resin repaired;
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lap repaired, with and without a resin filler and a scarf repaired specimen, cross-sectional

diagrams of which can be seen in Figure 7-1.

Figure 7-12: Mesh used in the damage region of a 7 plies cut model, diagram a) in Figure 7-1, showing fine to

coarse transition

The models were then solved and analysed with the analytical emphasis being on the repair
region to measure the stiffness being restored and the strain levels seen in the repair itself.
This was done by measuring the maximum tensile X stress in the repair region and dividing
it by the maximum tensile x strain in the same location and allowed the plotting of Figure
7-13. It would appear from Figure 7-13 that the scarf configuration restores the greatest
amount of stiffness in the repair region. Despite this, it only restores 66% of that seen in

the original undamaged model.

By analysing the tensile x strain in the repair region, it was possible to assess the effective
load being transferred into the repair. By having a strain that varied considerably from the
plain undamaged model it would be possible to discount that repair method from future
assessments. ldeally a smooth strain flow is required and any extreme variation from this
could form strain/stress concentrations. This is shown in Figure 7-14 and it can be seen
that the Resin repair varies considerably from the undamaged and so can immediately be
discounted. The Patch and Patch and Resin repair methods, do follow the undamaged
much more closely, however, there is some variation in the damage region. The Scarf
repair method on the other hand follows the undamaged model very closely, with very little
variation. There is a slight increase in strain in the lower half of the repair region and a
slight reduction in the upper half, but this is expected due to the slight bias that the strain

will have to flow through the undamaged underside of the repair region.
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Stiffness Comparison of Repair Methods

140
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=
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Repair Type

m Plain m 7 Plies cut = Resin = Patch = Patch+Resin = Scarf

Figure 7-13: Comparison of regained stiffness due to repair method

Closer inspection of the results reveals some zigzag patterns in the strain profile of the
configurations analysed, as well as some smaller spikes. It would appear that these smaller
spikes are caused by the transition from one ply orientation to another in the more highly
loaded region of the laminate. The zigzags are a result of the high to low stiffness transition

seen between the 0° and 90° plies.

7.5 Modelling Improvements

During the course of this investigation, several adaptations and improvements to the basic
model were identified. One variation that later models would have is that they would be
solved via MSC NASTRAN 2005 [97] rather than the Altair Hyperworks RADIOSS [98] solver.
This was due to the NASTRAN solver being the standard used in Airbus and as a result, the

results gained from using this would be easier to incorporate in later work.

By changing the solver, an improvement in model construction could also be implemented.
While in the basic configuration a 3° scarf angle was used, as suggested in the literature
seen in Chapter 3, this posed problems with the meshing of the model. Triangular PENTA
elements, seen in the knife edges of the composite plies required a great deal of
manipulation once meshed in order to allow solving in RADIOSS. This resulted in a 'Kick-up'

of the scarf tips, shown in Figure 7-15. This would obviously affect the results of the

107.



Building the Basic Model and the Comparison of Bonded Repair Methods

analysis. However, using the more lenient NASTRAN solver, this 'Kick-up' adaptation was
not required, however a slight increase in the scarf angle to 3.1° would be used in order to
ensure the elements would be considered acceptable. Despite the change in solver,
HyperMesh [99] would remain the pre-processing software used, whereas NASTRAN and

PATRAN would now become the solver and post-processing software.

Repair Region Strains

e oo mm

-1.00E-02 -5.00E-03 0.00E+00 5.00E-03 1.00E-02 1.50E-02 2.00E-02 2.50E-02 3.00E-02
Strain
'mmm mUndamged m — 7 Plies — — Resin Patch m— mm Patch+Resin n mScarf

Figure 7-14: Strains seen in the repair region
While the loading method described in Section 7.2.3 was used in the initial models of the
study and alternative method was also used. While not strictly a theoretically correct way
to apply the load, simply distributing it equally among the number of nodes on the loaded
face had no discernible effect on the outcome of the results. Subsequently, to save time
while modifying the model, the loading was applied in this manner to maximise

productivity, without sacrificing accuracy in the bondline.

Regions

Figure 7-15: 'Kick-up' adaptation
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A method of improving the input of material properties was also identified from conducting
this basic analysis. It was found that by applying additional coordinate systems to the
model and coupling these new systems to the appropriate ply orientations, it was possible
to remove the properties of the +45° and 90° plies and only use the properties of the 0°
plies. This reduction in material property input would not only make the model

construction easier but also reduce the risk of incorrect data input.

7.6 Summary

This chapter has discussed the initial basic model used to analyse the various bonded repair
configurations described in Chapter 3. The basic geometry, material properties and
boundary conditions used were described as well as the convergence study carried out to

find the correct mesh density to use.

It was found that, out of the bonded repair configurations analysed, the scarf repair was by
far the superior. Not only did it restore the greatest amount of stiffness to the repair
region, but it also transferred the load applied far more efficiently than the other

configurations.

Improvements to the modelling technique were also identified and suggested for future
numerical studies. These included better meshing techniques, better material property

input and the use of an alternative solver.

With these results, improvements and adaptations, it was possible to plan a new numerical
study based on the analysis of scarf joints. This study would also be complemented with an
analytical component to see if a basic analytical method would predict the behaviour of this

configuration.
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8. BONDLINE ANALYSIS OF SCARF

JOINTS (BASS]

In order to easily size bonded scarf repairs, it will be necessary to produce a simple analysis
method. Possibly the best example of such an analysis is the Baker [74] analysis seen in
Section 5.2. From this baseline analysis numerous additions and adaptations have been

made which are outlined in this chapter.

8.1 Evenly Distributed Load

The Baker [74] analysis was derived by resolving the forces in an idealised scarf region, as
seen in Figure 8-1. The same is true for the Evenly Distributed Load (EDL) method; however

unlike the Baker analysis, the EDL takes into account the depth of the joint in the y axis.

Figure 8-1: Diagram of a simple scarf region and the associated forces

So, from Figure 8-1, it can be seen that;
T = Equation 8-1

where the cross sectional area of the joint A is given by:

dt

A = —_— Equation 8-2
sin

where t is the through thickness dimension in the z axis and d is the depth in the y axis,

which gives the equation as shown in [74]2:

21t should be noted that the equation shown in the work published by Baker is incorrect. The P and
r should be swapped around. Correspondence with A. A. Baker has confirmed that the equation
should read as shown in this work and that atyping error occurred in the published paper.
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PcosOsiné

T= Equation 8-3
dt au

and using the trigonometric identity sin 26 = 2 sin @ cos @ gives:

_ P sin 20

t 2dt

Equation 8-4

This equation represents the mean shear stress in the adhesive bondline of a scarf joint. By
rearranging Equation 8-4, it is possible to predict the failure load and maximum allowable

scarf angle:

Prean = sin 2_9 Equation 8-5

- _____L_ Equation 8-6

From the above equations, a simple spreadsheet was created allowing the automatic

calculation of these values.

Additional equations were added to this spreadsheet to calculate the strength of the
laminates, shown in Equation 8-7 and Equation 8-8. These values were then used to
calculate the laminates ultimate strength and damage tolerance, allowing two different

joint design modes to be analysed:
Parent Ultimate = dtf, Equation 8-7
Damage Tolerance = thxeallowable Equation 8-8

where f, is the strength in the x direction, E, is the total laminates modulus and

Eallowableis the strain allowable of the undamaged laminate.

By incorporating these design modes into the Evenly Distributed Load sheet and comparing
the results obtained from the calculations, it may be possible to predict how the bond will
fail, assuming of course that the load is evenly distributed along the bondline. However,
the likely scenario is that there will be spikes in the shear stress of the bondline in the

region of the stiffer 0° plies.
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8.2 Peak Bondline Shear Stress

Due to the anisotropic nature of composite lamina, it may be overly simplistic to assume
that the load will be evenly distributed through the bondline. Common sense dictates that
the stiffer 0° plies carry substantially more load than the *+45° and 90° plies. This will
undoubtedly affect the shear stresses in the bondline. The increased stiffness of these plies
will cause stress peaks in the terminus of these plies, varying the measured stress from the
mean. As a result, the stiffness ratio between the 0° plies and the rest of the laminate
should be accounted for. To do this, the stress in the cross section of the scarf joint needs

to be calculated:
P P
O, = — = — . )
x A dt Equation 8-9

By using a laminate analysis program, LAP 3.0 [100], which utilises Classical Laminate
Theory see Section 6.1.1, the modulus of the total laminate, E,, can easily be found. By

using this E,, value, the strain in the laminate, &,, can also be found by using Hooke’s Law:

Ox
Ex = —
E,

As each of the plies in the laminate undergoes the same strain, the stress in the 0° plies,
Oyxo, €an be found by acknowledging that the modulus varies for each ply orientation used.
It should be obvious that the 0° plies have the highest modulus and as a resulit, E;; should

be used, where E,; is the stiffness of a ply orientated in the direction of the loading:
Oxo = ExE1q Equation 8-10

Therefore, by combining Equation 8-5 with Equation 8-9, it should be possible to predict

the failure load of the joint with regards to peak stress.

However, in the Evenly Distributed Load method, the variable T was taken as the average
shear strength of the adhesive under a standard Lap Shear Test [101]. As the analysis now
being considered is for a peak shear stress, it follows that the peak shear strength
measured from a modified short average Lap Shear Test should now be used [101}. This
peak shear strength was found by measuring the average shear strength of the adhesive in
another lap shear test, albeit with a shorter overlap length and is described in. This would
give two values for 7: 7,,, for the mean value and 7, for the peak. This would then give the

failure load equation, assuming peak stress as:
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| 2tPdt \ Ex
B Isin(20)/En

This equation can then be rearranged in order to find the maximum scarf angle 9, or the

peak shear in the adhesive rP.

8.3 Accounting for Bolts

As mentioned in Section 3.1 this work, it may be unfeasible to totally remove bolts from
certain regions of an aircraft's structure. As a result, there will be a need to account for
bolts in Hybrid repair configurations. A brief overview of purely bolted configurations is

also described in this section.

8.3.1 Hybrid Joint BASS

Hybrid joints are those that have both adhesively bonded and bolted adherends, a
schematic of which can be seen in Figure 8-2. These joints are a realistic method that could

be adopted and as such, should be given some consideration.

1 1 -
1 1
1 1A
t
1
f 1
f 1%> 1
1 . '

Figure 8-2: Schematic of a single bolt hybrid scarf joint

As in the previous BASS equations, the Hybrid analysis is derived from Equation 8-1.
However, due to the presence of the bolt hole, the area of the bondline, A, is slightly

reduced:

A = e H Equation 8-12

where H isthe area taken up by the bolt hole in the scarf region:

113.

Equation8-11



Bondline Analysis of Scarf Joints (BASS)

Equation 8-13

where B is the bolt hole diameter. Therefore:

a ()

Equation 8-14

sin@ cos@

So, using this new value for 4, it will be possible to calculate the failure load of a single
bolted hybrid scarf joint, as it is assumed that the bolt does not carry load unless the

bondline has failed. Therefore, assuming an evenly distributed load:

Pcos@ p At
= = = i -
7 050 Equation 8-15
therefore:
Ba\>
gt _T (‘2‘ )
sinf cosf Equation 8-16

Prybri =
hybrid_mean cos@

and by applying the stiffness ratio to Equation 8-16, the Peak failure load can then also be

calculated:

o (%)
™o\ Sind cos 8

Equation 8-17

P, i =
hybrid_peak cos 6 E11

8.3.2 Purely Bolted

Purely bolted or mechanically fastened joints were also analysed. The equations used to
investigate a bolted scarf joint configuration are fairly standard and described in multiple

textbooks [22, 102]. These do however only describe the analysis of a bolted lap joint.

Due to the variable geometry in the scarf region, certain variables required some definition.
The thickness of the scarf region used in the bolted configuration analysis for example, was

dependent on the location of the bolt, described as point z in Figure 8-3.
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Figure 8-3: Variable laminate thickness associated with bolt location
Where zcan be calculated from Equation 8-18:

¥Bdtan 9"
z —t— Equation 8-18
With this information, as well as certain variables described in Figure 8-4, it will be possible

to create fairly accurate failure predictions of scarf joints using a single mechanical bolt.

From Figure 8-4, it can be seen that there are several failure modes for bolted joints,
however only Tensile, Shear and Bearing failure have analytical predictions. Cleavage
failure is a mixed mode involving tension and bending and cannot be expressed by a simple

formula [102].

(t» © <9
Figure 8-4: Bolted joint failure modes: a) Tensile; b) Shear; c) Bearing and d) Cleavage [102]
Tensile failure is usually a result of an inadequate number of 0° plies within the adherends

bolted together [73]. The analytical failure prediction is given in [22] as:

at(w —d)
= Equation 8-19
nfc

where 0 is the maximum tensile stress w is the width of the coupon, d is the bolt hole

diameter and kfc is the effective stress concentration factor based on net section.
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For metallic adherends, the shear failure prediction is usually given by Equation 8-20 [22]:
P = Equation 8-20

Where e is the distance of the bolt hole centre to the edge of the component and ru is
given as the ultimate shear strength. This analytical method holds reasonably well for
carbon/epoxy composites with ~ 50% of the layup being comprised of +45° plies.
According to the authors of [73], this failure mode is usually a sign that there are not

enough *45° plies within the laminate and these should be reinforced.

Bearing failure is usually indicative of insufficient thickness in the laminate [73] and is

calculated by:
P — Gfodt Equation 8-21

where o0b is the nominal bearing strength of the laminate [22], According to [103] the
bearing strength of a laminate is determined by the bearing stress at which the bearing

hole is deformed by 4% of the bolt holes diameter.

Considering that the thickness of the bolted scarfjoint area is not equal to the thickness of
the laminate, the variable t seen in Equation 8-19 to Equation 8-21 should be replaced by

the variable z, as shown in Figure 8-3 and Equation 8-18.

It should also be acknowledged that the bolt itself can also fail thereby presenting another

possible failure mode [73] . Examples of this include bolt fracture or bolt lifting:

Figure 8-5: Bolt failure modes [73]

However, these bolt failure situations will not occur in the joints considered in this work,

due to the relatively thin nature of the laminates involved.

8.4 Ply Trimming Considerations

One consideration that has to be taken into account is the fact that composite materials
cannot be machined down to an infinitely thin, or 'knife edge' point. Attempting to do so

will produce a 'feather edge' region, which can not only cause significant warping in certain
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layups, but also significantly reduces the damage tolerance and possibly even the integrity

of the eventual joint.

Figure 8-6: Effect of 'feathering’' on scarf tip region of a composite adherend

In order to avoid this, the scarf tip should be trimmed. This of course will affect the
effectiveness of the joint slightly, as the load transfer region has effectively been reduced
by a certain number of plies; however the effect of this is likely to be negligible. Ply
trimming can be considered the lesser of two evils as it will increase the stiffness in the tip

region, thereby avoiding the deflection and allow a more durable edge to be created.

In order to account for this ply trimming, the length of the load transfer region in the joint
has to be calculated and incorporated into the existing equations. The new load transfer

region [t,onci can be seen in Figure 8-7:

Figure 8-7: Schematic of a Trimmed Scarf Joint

From Figure 8-7, it can be seen that:
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Abond ~ Iscarf 2 Itrim Equation 8-22

which, when accounting for scarf angle 9 can be written as:

Itrim
-bond i sin 9
t- 2ttrim
bond sin 9 Equation 8-23

This value for tbond is then substituted for t in appropriate equations, in this instance,
Equation 8-5:

2rd(t  2ttriirr)

. Equation 8-24
sin 29 a

trim ~

This should then account for the reduction of load transfer seen in trimmed scarf joint

configurations. This can also then be applied to the Peak bondline shear stress method.

8.5 Analytical Predictions

Using the predictive methods described in this chapter, it was possible to calculate the
failure loads for a certain joint geometry, assumed to be a perfect, untrimmed scarf. Table
8-1 shows the failure load predictions made for both bolted and bonded configurations.
The failure loads of the 3 most likely failures for bolted joints were calculated. The failure
loads of bonded configurations, using the more conservative peak analysis methods were

also calculated.

Table 8-1: Predicted failure loads of bolted and bonded joint configurations

Bearing Failure 6.4 (Equation 8-21)
Net-section Failure 5.4 (Equation 8-19)
Tearout Failure 9.1 (Equation 8-20)

Peak Bonded Joint Failure 43.7 (Equation 8-11)
Peak Trimmed Bonded Joint Failure 38.2 (Equation 8-24)

118.



Bondline Analysis of Scarf Joints (BASS)

Clearly, the bonded configurations show a substantially higher failure load prediction when
compared to the bolted. This is undoubtedly due to the higher load transfer region that the

bondline presents and the reduced effective thickness seen in bolted configurations.

This comparison is however rather tenuous. The bonded joint analysis methods cannot be
considered as mature and have yet to be validated. The bolted configuration analyses on
the other hand can be considered as well established, but even these had to be adapted for

the scarf configuration as they were originally designed for lap joint configurations.

Despite these issues, this comparison theoretically showcases the excellent load transfer

capabilities of a bonded joint compared to their bolted counterparts.

8.6 Summary

This chapter explored a prediction method that may be used to analyse the effectiveness of
bonded scarf joints in several configurations. The simple evenly distributed load method as
proposed by Baker [74] was derived and simplified. It was then adapted to account for
anisotropic composite adherends to calculate peak shear stresses and failure loads. Bolts
were also accounted for, giving rise to a Hybrid joint analysis. Finally, ply trimming was also
analysed, due to the inability of current manufacturing methods to produce a perfectly
machined scarf edge, or ‘knife edge’. This ply trimming factor can then be substituted into

the mean and peak equations in order to take this into account.

However, these analytical methods are fairly useless if they cannot predict the behaviour of
a scarf joint and as such, computational and mechanical test studies should be conducted
to compare these methods. The next chapter describes a numerical study using Finite
Element Analysis to analyse full depth scarf joints. This will allow the analytical BASS
methods described in this chapter to be compared to numerical solutions and mechanical

test results to assess their effectiveness.
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9. INVESTIGATION OF SCARF JOINTS

An investigation into the behaviour of bonded scarf joints using FEA was carried out to
ascertain the effects that various geometries and configurations would have on the stresses
in the bondline. By varying the position of one of the adherends from the other, it was
possible to not only create a perfectly aligned joint, but also one that is slightly, normally
offset by the bondline. Scarf tips were also varied to ascertain their effect. The

computational results were then compared to analytical and to mechanical test results.

The modelling improvements described in Section 7.5 were adopted in this study as well as
some additional variations. An example includes the reduction of the loading from 15kN to
IOKN, which would subject the model to a tensile stress of 200MPa. This was done to
ensure that the model would remain in the linear elastic region and was an outcome of

initial mechanical test results.

The meshing of the models was also improved through the use of surface splitting, see

Figure 9-1.

Figure 9-1: Improved mesh

Other improvements such as the application of material properties, described in Section

7.5, were also applied.
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Due to the symmetry of the model, only half of the geometry required modelling. As a
result, the boundary conditions used in this model were also updated, as shown in Figure

9-2:

IOKN Load

z=0
(Lower edge only)

0, Rx=0,Rz=0

Figure 9-2: Boundary conditions used on the scarfjoint models

where X = 0,y = 0,z = 0, denote no displacement in the X, y and z directions respectively

and Rx = 0, Ry = 0, Rz = 0 represent no rotation around the X,y and z directions

respectively.

Once the model was finally built, modifications could be made so as to investigate their

effect on the bondline.

9.1 Adherend Alignment

The factor of adherend alignment is one that should be considered when creating a scarf
joint. Should the adherends be perfectly aligned, giving a perfectly flush joint, as seen in

Figure 9-3a), or should they be normally offset by the adhesive to possibly promote load

transfer as shown in Figure 9-3b)?

Pi
BUB

05l

Figure 9-3: a) Perfectly aligned scarf joint, b) Normally offset scarf joint



Investigation of Scarf Joints

Creating the FE models followed the same process as the initial models in Chapter 7, basing

the models on real world test specimens; an example of which can be seen in Figure 9-4.

A

12.5rnm\i”_

tz

Figure 9-4: Dimensions of the aligned scarf joint model

Unlike in the analysis carried out in Chapter 7, the analysis conducted here focused on the
bondline, measuring the tensile x stress, the peel or z stress and the zx shear stress. As the
bondline is at an angle, a new coordinate system was also incorporated into the model in

order to normalise the stresses measured in this region. This can be seen in Figure 9-5:

Figure 9-5: Bondline coordinate system
To avoid any edge effects however, only the central elements were used to extract results,

as shown in Figure 9-6:
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Central
J /

w/2
\f 4

Elements

Figure 9-6: Location of central element region

The variation of the adherend alignment also varied the mesh in the bondline, especially in
the termination regions near the scarf tips. This variation can be seen in Figure 9-7 and
Figure 9-8. It can be seen that this variation is fairly contained to the terminus, and once
beyond this region of the outer composite ply, the mesh seen in both bondlines are

virtually the same.

Figure 9-7: Mesh in the termination of the scarf region of an aligned scarfjoint

ivc.iaSis,inwn Qte v ;
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Figure 9-8: Mesh in the termination region of an offset scarf joint
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A closer inspection of the two meshes does however reveal that the aligned configuration is
a bit more complex than that of the offset in the termination region. This is unfortunate,
but unavoidable due to the geometry and should not affect the accuracy of the results

gained.

9.1.1 Perfectly Aligned

The perfectly aligned configuration is so called because the outer surfaces of both
adherends are flush with each other. This allows for relatively easy joint manufacture and
can be used as an index case for other joint models. Analysing the computational results

and plotting the stresses in the bondline allowed the creation of Figure 9-9.

Clearly, several spikes exist in the data, the largest of which correspond with the
termination locations of the 0° plies at 18.48mm, 36.96mm, 41.58mm and 60.06mm. The
smaller spikes are attributed to the transition of plies, going from one ply orientation to
another. It should be noted that these spikes are in fact paired into double spike
arrangements, with one peaking higher than the other. These double spikes are
attributable to the termination of the plies, with the first spike of each pair representing the
knife edge of a ply on the right, or lower, adherend. The second spike represents the plies

equivalent knife edge on the left, or upper, adherend.

Another feature that can be noticed in Figure 9-9 is the fact that the x and z stress plot
lines varies in thickness. This is attributed to the fact that these stresses vary through the
thickness of the bondline. Features such as knife edges can cauée a high stress on one side
of the bondline, but not the other. This through thickness variation of stress causes a
scatter of high and low values for locations along the bondline, thereby causing a varying
thickness in the results plot. The zx plot however remains constant, implying that the zx

shear stress is unaffected by through thickness location in the bondline.

The zx shear stress is arguably the most important result of the three stresses analysed in
the bondline as the joint is predominantly loaded in shear. The location of 0° plies are
clearly discernible, with sharp, near vertical changes attributable to the knife edges of the
plies. It should be noted that the double spikes aren’t apparent in the zx shear stress;
instead ‘flat head’ spikes can be seen. The reasoning behind these spikes is exactly the

same as that for the double spikes seen in the x and z stresses.
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Plain Scarf Bondline Stresses

(6] S ds 57 s S V5 <€-  6q -Jp

Distance along bondline (mm)

ZX Shear Stress — -Tensile X Stress Normal Z Stress

Figure 9-9: Stresses in the bondline of a perfectly aligned scarf joint

As in the shear stress, the pattern of the 0° plies having the highest stresses is apparent in
the tensile x stress. However, there is an increased amount of x stress in the joints
outermost plies. This is most likely due to the fact that, being the outermost in the layup,
load that was previously able to pass to another adjacent ply is now unable to do so. As a
result the stress is concentrated here, before passing through into the less stiff bondline.
This explanation can also be used to explain the extremely sharp spikes in attributable to
the stiffer 0° plies, as the stress would undoubtedly concentrate at the knife edges of these

stiff plies before being transferred to the far less stiff surrounding plies and adhesive.

The z stress in the bondline, which is arguably peel stress normal to the bondline, also
shows spikes in the knife edge region of the outer plies. There are also spikes in the
location of the termination of 0° plies. These are however negative and may suggest that
peel is reduced in the region of 0° plies, as the load transfer is almost forced into the Xx

direction due to the high stiffness in that direction.

When looking at the distortion of the joint in Figure 9-10, it can be seen that the greatest
deflection is in the location of the adherend tips. This would undoubtedly cause increased

peel in this region and can be seen in the bondline stresses in Figure 9-9.
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Figure 9-10: Distortion of a perfectly aligned scarf joint. (Blue line = original geometry, Red line = distorted)
NOTE: Distortion has been enhanced in order to allow for easier analysis

9.1.2 Normally Offset

Offset joints were investigated due to the fact that in a real repair scenario, the repair patch
would most likely be offset slightly by the bondline. As a result, the offset joint investigated
here had one adherend normally offset by the thickness of the bondline in order to see how
much of an effect, if any, this would have. This model was based on the aligned model
previously investigated and apart from the offsetting, seen in Figure 9-3; there were no

other modelling variations.

Upon retrieving the results of the offset model, seen in Figure 9-11, it was immediately
apparent that there are substantial differences between the offset and the aligned model.
Firstly, the double and flat head spikes apparent in the aligned model can no longer be seen
in the offset. This is due to the knife edges of equivalent plies being aligned in the z axis,

which in turn aligns the intensified stresses seen in these regions.

The curves plotted for each of the stresses also appear far smoother in the offset geometry.
This is an encouraging observation as it suggests that the load transfer from one ply to
another is smoother, which in turn suggests that superior load transfer takes place in the

offset geometry.

Due to the bondline mesh used in this geometry, the offset model also allowed the plotting
of the various stresses as they flowed through the thickness of the bondline, allowing an
‘upper’, ‘middie’ and ‘lower’ bondline stress plot to be created. This allowed the levels in
the bondline to be analysed individually, thereby removing the confusion in the data given

by the varying curve thicknesses.

Obviously, there are clear differences seen between the upper, middle and lower plots,
however these are limited to the x and z stresses, the zx shear stress remains virtually

constant through the thickness of the bondline.
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0.2 mm Offset Scarf Bondline Stresses
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Distance along bondline (mm)
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Figure 9-11: Stresses in the bondline of a normally offset scarf joint

To a certain extent, the X stress levels seen in the upper, middle and lower plots are fairly
constant; however the spike locations do change with bondline level. Unsurprisingly, the
most intense spikes in the upper bond plot are attributable to the knife edges of the 0° plies
in the upper adherend. However, slight dips can be seen before these spikes due to the
broad edge of the same 0° ply, which allows better load transfer and reduced stress
intensity than the knife edge. A similar conclusion can also be given to the dip in X stress
seen at the outer edge of the upper bondline. The symmetrical quality of the stresses in
the bondline will also allow these same conclusions to be true for the lower bondline, albeit

with the location of the spikes and dips reversed.

Upper Bondline Elements

i i Knife edge tips aligned
Mid Bondline Elements

Lower Bondline Elements

Figure 9-12: Location of ply knife edges and location of upper to lower elements in Offset bondline
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broad Edye

Figure 9-13: Location of Knife edges and Broad edges in the laminate

The z stresses in the bondline also show interesting features. The large spikes present at
the knife edges of the 0° plies are found either in the upper half of the bond for the upper
bondline, or the lower half of the bond for the lower bondline. The mid bondline does
show some spikes, but to a lesser extent. The fact that these spikes are in the thinner half
of the adherends suggests that these regions, due to their reduced local stiffness, may have
increased peel. There is also the possibility that the distortion of the model may induce

greater peel in these regions, shown in Figure 9-14.

Figure 9-14: Distortion of offset scarfjoint. (Blue line = original geometry, redline = distorted) NOTE:

Distortion has been enhanced in order to allow for easier analysis

When comparing the distortion of the offset to the perfectly aligned, it can be seen that the
greatest deflection in both models is located in roughly the same region. The nature of the
deflection is however slightly different with the offset model having a more linear

deflection than the aligned.

9.2 ScarfTip Details

As mentioned previously in Chapter 8, attempting to machine a composite component to
an infinitely thin point, as is required for a perfect scarfjoint is not possible without causing
damage to the composite, see Figure 8-6. One method to avoid this damage is to machine

a small square edge into the composite, thereby trimming the tip of the scarf.
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0.2mm Offset Scarf Upper Bondline Stresses
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Figure 9-15: Upper bondline stresses of offset scarf joint

0.2mm Offset Scarf Mid Bondline Stresses
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Figure 9-16: Middle bondline stresses of offset scarfjoint
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0.2 Offset Scarf Lower Bondline Stresses

Distance along bondline (mm)

— "—ZX Shear Stress — Tensile X Stress " — Normal Z Stress

Figure 9-17: Lower bondline stresses of offset scarf joint
In order to assess the effect this ply trimming can have on ajoint it was decided to create
models with trimmed tips, shown in Figure 9-18. The tips were trimmed at the point where
the composites thickness was equal to 1 ply, or 0.25mm. This will leave a gap in the tip
region, but in reality, this will be filled with excess adhesive from the bondline, if it is kept
sufficiently small. One other joint possibility is to account for the ply trimming on the
opposite adherend, thereby allowing a Butt tip edge to be created. This may be more

difficult to achieve, but could give increased damage tolerance to the scarf tip region.

Figure 9-18: Edge tip geometries: plain; trimmed and adhesive filled and butt edge tip
9.2.1 Trimmed Aligned Scarf Joint

Following on from the modelling carried out on idealised scarf joints, the models used in
this analysis were adapted by simply deleting or modifying the material properties of the

elements in the trimmed scarf tip.
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9.2.1.1 Trimmed and Unfilled Aligned Tip

Obviously, the situation where the trimmed tip leaves a gap, is the least desirable, however,
to assess the benefits of using a resin filler in this region, an assessment of the worst

situation should be made.

As before, the stresses were read from the bondline and plotted in Figure 9-19.
Quantitatively and qualitatively, there is very little difference in the stresses in the central

region of the joint. The only variations can be seen in the bondline edge regions.

Trimmed Scarf Bondline Stresses

\V; V* V -.>’ A % ><0V % A Vsy¢

Distance along bondline (mm)

wZX Shear Stress mm —uTensile X Stress — ——Normal Z Stress

Figure 9-19: Bondline stresses of an aligned trimmed joint

There is obviously an extremely localised increase of all stresses in these regions due to the
ply trimming. These localised stress spikes are due to the near square edge produced by
the trimming. It can be seen that it is the z, or peel stress that has seen the greatest
increase. In fact the increase is so sharp and substantial it may suggest that by using an
unfilled trimmed edge may cause the joint to prematurely fail in peel if loaded and as such
should be avoided. The sharp increase in the peel stress is not only due to the square edge
geometry of the trimmed plies, but is also exacerbated by the deflection that the
component experiences, shown in Figure 9-14. This combination of square edge, which
essentially acts as a notch, and the deflection of the component will cause the two stiff
adherends to try to separate, thereby causing the increased peel stresses seen in the

trimmed scarf tip regions.
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Despite this, there is very little that can be done to vary the geometry or reduce the

stresses in this region apart from filling the trimmed region with adhesive spew.

9.2.1.2 Trimmed and Filled Aligned Tip

By filling the trimmed region with adhesive spew from the bondline, as is likely to be the
case in reality, some improvement can be seen in the edge regions of Figure 9-20. The
stresses are reduced in the zx component and especially in the z stress, which has dropped
substantially. This is expected, due to the presence of the adhesive spew in the region,

allowing some load to transfer and reducing the intensity of stress concentrations.

The x stress on the other hand has increased somewhat with the addition of the adhesive
spew in the trimmed region. This, coupled with the fact that the z stress has reduced, leads
to the conclusion that with the addition of the adhesive spew to this region, the substantial
peel stresses have now been transferred into tensile x stresses, through the adhesive spew,
into the equivalent ply on the opposite adherend. There is also some evidence that some

of the stress has also been converted to zx shear stress.

Trimmed + Adhesive Bondline Stresses

Distance along bondline (mm)

*ZX Shear Stress Tensile X Stress mum  Normal Z Stress

Figure 9-20: Bondline stresses of atrimmed and adhesive filled scarfjoint

Despite being an advantageous addition to the trimmed scarf tip, the high stresses in the
joint do suggest that failure in this configuration will still originate from the square edge in

the trimmed tip.
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9.2.1.3 Butt Edge

The Butt edge configuration is likely the most difficult to manufacture and is the rightmost
configuration seen in Figure 9-18. It involves trimming the scarf tip of one adherend and
then accounting for that in the opposite adherend by machining another square edge to fill
the gap that would be left by the trimming. It was hoped that, using this configuration may

offer some advantages to damage tolerance.

However, upon analysing the stresses in the bondline in Figure 9-21, it may be that any
advantage that may be gained in damage tolerance is totally nullified by the unprecedented
increase in the tensile x stress. It would appear that with a minimal loading of IOkN, a
stress of approximately 90MPa is produced in the butt edge region. This is far in excess of

what would be described as a reasonable stress for this loading level.

From the stress profile seen in Figure 9-21, it would seem that the high tensile x stress seen
in the butt edge tips is caused by the adherend tips attempting to peel apart from each
other in the X direction. The fact that adhesives are considered weak in peel, coupled with
the high x stress in this region would suggest that failure will initiate here and propagate
rapidly down the length of the bondline causing failure. As a result, it would be

recommended that a butt edge type configuration should be avoided at all costs.

Butt Edge Bondline Stresses

Nf"d

40

o A A % A l\?ﬁ On ~ @A'Q Aol\gl P

Distance along the bondline

*ZX Shear Stress n—u‘ Tensile X Stress — Normal Z Stress

Figure 9-21: Bondline stresses of a Butt edge tip scarfjoint
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9.2.2 Trimmed Offset Scarf Joint

Applying the scarf tip trimming to the offset joint configuration was also considered. The

butt edge was however not analysed due to the offsetjoint geometry not being compatible.

9.2.2.1 Trimmed and Unfilled Offset Tip

As in the previous offset analysis, it was possible to analyse the stresses through the
thickness of the bondline as they tracked from one adherend to the other. As such, the

stresses for the trimmed and unfilled offset joint can be seen in Figure 9-22 to Figure 9-24.

The zx shear stress experienced by the offset trimmed configuration is reduced in
comparison to the aligned model, however, when comparing against the offset plain scarf,
the zx shear is almost identical, the only differences being in the trimmed edge region. The
trimmed edge region does display a higher zx shear to the plain offset scarf with an
increase in the region of IOMPa, or 50%. This increase is unfortunately unavoidable due to
the trimming requirements, but it is likely that with the application of covering or overplies,
which are investigated in Chapter 13, this spike will reduce. By comparing the trimmed tip
regions of both this configuration and the aligned trimmed scarf configuration, it can be

seen that the stresses are both =25MPa.

0.2 mm Offset Trimmed Upper Bondline Stresses

40

Distance along bondline (mm)

ZX Shear Stress Tensile X Stress Normal Z Stress

Figure 9-22: Upper bondline stresses of trimmed and unfilled offset joint
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0.2mm Offset Trimmed Mid Bondline Stresses

Distance along bondline (mm)

ZX Shear Stress « ' Tensile X Stress — — Normal Z Stress

Figure 9-23: Mid bondline stresses of trimmed and unfilled offset joint

0.2mm Offset Trimmed Lower Bondline Stresses
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Figure 9-24: Lower bondline stresses of trimmed and unfilled offset joint
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9.2.2.2 Trinuned and Filled Offset Tip

When adhesive is used to fill the trimmed region of the scarf, substantial improvements can
be observed from the offset trimmed geometry. The central regions remain virtually
unchanged; however the edge regions do show reduced stresses. Despite this however,
the virtually instantaneous spike in the x and z stresses at the termination of the trimmed
ply in the edge region does however show that the use of the adhesive in this region as a
filler is not ideal, as the stresses are highly concentrated, most likely due to the square

edge.

The zx shear stress in the trimmed region does show some interesting characteristics. It
can be seen, on the opposite edge of the bondline to the square edge that there is a small
blip in the measured zx stress. This can be seen on both trimmed edges. This blip is
admittedly very small, roughly 1.5MPa or 10%, however this has not been seen in any of
the other models. This fact may suggest that the meshing of this region, which has
remained constant throughout the offset modelling, is not responsible for this blip.

However, it is more likely that there is a structural or geometrical explanation.

One possible explanation is that this blip is due to the transition from the +45° ply to the -
45° ply and that the presence of the adhesive in this region may allow some of the stress to

transfer through it

The x stress, as opposed to the zx and z stresses, increases substantially in the trimmed
region. This increase in stress is, again, due to the square edge in this region. When
comparing the results from this model and those of the trimmed offset model, it can be
seen that z stress in the regions of the trimmed edges are substantially reduced when
adding adhesive. However, adding this adhesive does cause the x stress to increase. It
would seem that the addition of the adhesive to these regions have not reduced the
stresses that they experience, but have instead converted the stress from a normal z to a

tensile x.

Very little can be said regarding the z stress that has not been discussed already. The
stresses in comparison to the offset trimmed and the aligned trimmed and adhesive filled

are reduced and the average is similar to that seen in the previous offset models.
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Trimmed +Adhesive 0.2mm Offset Upper Bondline Stresses

AP 5% e Vo % V £ A B <

Distance along bondline (mm)

*ZX Shear Stress — —Tensile X Stress Normal Z Stress

Figure 9-25: Upper bondline stresses of trimmed and adhesive filled offset joint

Trimmed +Adhesive 0.2mm Offset Mid Bondline Stresses
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Figure 9-26: Middle bondline stresses of trimmed and adhesive filled offset joint
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Trimmed +Adhesive 0.2mm Offset Lower Bondline Stresses
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Distance along bondline (mm)

ZX Shear Stress m -Tensile X Stress mm'mm Normal Z Stress

Figure 9-27: Lower bondline stresses of trimmed and adhesive filled offset joint

9.3 Far-field Checks

In order to ensure that the computational models were indeed producing coherent
solutions, the far-field x stress for each ply in the model was calculated analytically and
then compared to the tensile x stress experienced by that ply in the computational model.
The tensile x stresses were taken from plain sections of the model, with no influence from

the bondline. The resulting ply-by-ply comparison can be seen in Figure 9-28.

The predicted far-field stresses of the 0° and the 90° plies were comparative to those in the
computational model. However, the *45° plies of the model showed far higher stresses
than the predicted far-field. In fact the stresses in these plies were almost double that

predicted.

The likely reason behind this increase in stress is probably due to the layup of the
composite laminate. The far-field predictions do not take into account any other plies,
whereas the finite element model does. These other plies could affect the way the
laminate distorts, as the varying orientations and stiffness could reinforce the laminate
against Poisson's contraction, thereby stiffening it. The +45° plies could be affected by this

more than the other plies due to their out of plane orientation.
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Comparison of Far-field Stress and FE Results
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Figure 9-28: Comparison of analytical Far-field stress and FEA results.

9.4 Comparison of Results

Upon completing the finite element analysis of bonded scarf joints it was possible to
compare these results to those of analytical prediction methods described in the previous
chapter. It was also possible to compare these predictions to results obtained via

mechanical testing [2],

9.4.1 Aligned Analysis and Computational Model

The shear stresses measured in the bondline of the plain, untrimmed and aligned scarfjoint
were compared with the analytically predicted BASS mean and BASS peak shear stresses

calculated via Equation 9-1 and Equation 9-2 respectively:

Psin 20
2dt Equation 9-1
fP EnSin 26A
| Equation 9-2

R = ( —_
peak —  2Exdt )

The results of these equations were then plotted as solid lines against the zx shear stress

profile of the bondline. Dashed lines were also added to the plot to better display the
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mean and peak zx shear stress numerically calculated in the bondline. The resultant plot

can be seen in Figure 9-29.

Aligned Plain Scarf - Numerical and Analytical Comparison

Distance along bondline (mm)

XZ Shear Stress BASS EDL Prediction
BASS Peak Prediction — — Numerically Calculated Mean

Numerically Calculated Peak

Figure 9-29: Comparison of analytical and numerical results of the aligned scarf joint
Clearly, the analytical predictions of the plain scarf correlate well with the numerical finite
element results in both the mean and peak analysis. This is encouraging and could, with
positive comparison to mechanical testing, validate both the analytical and numerical

models.

The trimmed geometry was also analysed in a similar fashion. As before, the shear stress
for the trimmed geometry was also calculated and plotted on the trimmed scarf joint zx

stress contour in Figure 9-30:

Psin 20
Ttrim mean ~ oTTTT oT Equation 9-3
2d(t-2ttrim)
( PE11s\x\20
Ttrim_peak = _ 2ttrim)) Equation 9-4

Despite not having as good a correlation as the untrimmed scenario, the trimmed geometry
does still seem to have a viable mean prediction. However, the peak zx shear stress
analysis can be considered a bit conservative given that it is approximately 13% or 4.5MPa

higher than the computational.
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As a result, it could be said that the analytical methods compare generally well with the
aligned geometry, however the trimmed peak analysis cannot be considered to be as good

a fit with the computational model, as shown in Table 9-1.

Aligned Trimmed Scarf - Numerical and Analytical Comparison

Distance along bondline (mm)

'm XZ Shear Stress 'mm 'wad' BASS EDL Prediction
BASS Peak Prediction — — Numerically Calculated Mean

— Numerically Calculated Peak

Figure 9-30: Comparison of analytical and numerical results of the aligned and trimmed scarfjoint

Table 9-1: Comparison of prediction methods and results

P sin 26 (P sin 26} [Eu\
Plain Scarf 2dt T V 2dt MEF¥*]

Analytical Prediction = FE  Analytical Prediction » FE

Psin 26 ( P sin 26 \{Eu\
Trimmed Scarf 2d(t - 2ttrim) \2d(t - 2ttrim)) \ Ex)

Analytical Prediction < FE = Analytical Prediction » FE

9.4.2 Comparison to Offset Model

Despite being derived for an aligned geometry, the results of the analytical BASS
predictions, for both mean and peak shear stress in the bondline, were also compared to

the zx shear stresses of the offset geometry.

From analysing Figure 9-31 and Figure 9-32 it can be seen that the mean predictions for

both plain scarf and trimmed correlate very well with the computational results. The peak
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shear stress however, does show an overly conservative prediction for both scarf edge
situations with a 10% over-prediction in the plain offset and an over-prediction of 21% in
the trimmed offset. This was expected however, as adopting an offset geometry does offer

a reduction in peak shear stress.

Offset Plain Scarf - Numerical and Analytical Comparison

Distance along bondline (mm)

XZ Shear Stress m = BASS EDL Prediction
—- m BASS Peak Prediction — — Numerically Calculated Mean

«= —» Numerically Calculated Peak

Figure 9-31: Comparison of analytical and computational results of the offset scarf joint

As a result, it may be prudent to suggest work deriving a peak zx shear stress method for

offset scarf geometries.

9.4.3 Mechanical Testing

Mechanical testing was also carried out as part of a parallel work package, described in [2].
It involved tensile tests using full depth, trimmed scarf joint specimens, similar to that

shown in Figure 9-4 and were loaded to failure.

As mechanical testing ascertains the failure load of a specimen, the analytical predictions
needed to calculate the value of P. This meant using Equation 8-5 and Equation 8-11
assuming a plain, untrimmed scarf joint shown in Figure 8-7. The ply trimming
considerations were also applied to these equations so as to assess the effectiveness of this

adaptation:
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Offset Trimmed Scarf - Numerical and Analytical Comparison

Distance along bondline (mm)

XZ Shear Stress BASS EDL Prediction
BASS Peak Prediction — Numerically Calculated Mean

— ¢ Numerically Calculated Peak

Figure 9-32: Comparison of analytical and computational results of the trimmed and offset scarfjoint

n _ 2rmd(t 2tfrim)
‘trim mean ~7j To . Equation 9-5
! Sin Lu d
n A 2Exrpd(t — 2ttrim)
‘trimjpeak ~ (] E ti 9-6
P & gin 261 quation

It should be noted that the geometries tested were aligned scarfjoints with trimmed edges
as a manufacturing necessity. However, in order to assess which analytical BASS method
gave the best correlation to mechanical testing, it was decided that both the trimmed and

untrimmed predictions would be included in the results, shown in Figure 9-33.

When looking at the lower scarf angles of 0.7° and 1.5°, it is clear to see that the analytical
predictions are far from accurate and are overly optimistic. This was found to be caused by
the shallow scarf angle driving the failure of the joint from shear to an inter/intra laminar

failuremode, which is not accounted for in the analytical prediction.

The higher scarfangles of 3°, 4.5° and 7° correlate far more favourably with the peak stress
methods, as the measured failure loads are slightly higher than predicted, thereby giving a
natural safety margin. It was found that these specimens failed via a cohesive shear failure
of the adhesive. From the current mechanical test results, it may be that the peak stress

predictions may be the best analytical method to predict failure load, despite not
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correlating quite as well with the computational. It would also appear that the trimming of
one ply, as was done in this work, does not have a significant detrimental effect to the

mechanical strength of the scarfjoint.

Comparison of Mechanical Testing to Analytical Predictions
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. Mech Testing mmm Untrimmed EDL — m Untrimmed Peak Trimmed EDL — Trimmed Peak

Figure 9-33: Comparison of mechanical testing to analytical predictions
- - -
9.5 Sensitivity Study

A sensitivity study was also conducted via computational FE modelling on the joints in order
to assess the impact that certain variables would have on the bondline zx shear stresses.

The variables identified for analysis were:

. Adherend stiffness;
. Bondline thickness;
. Bondline stiffness;
. Scarf angle;

. Loading.

These factors were identified as being the only geometrical variables within the model and

as such would be modified by a certain percentage in each of the studied models.

During the planning of this sensitivity study a mechanical test study was envisaged for an

8mm thick partial depth repair configuration. This new study would vary certain
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parameters in the repair specimen to ascertain their effects. As a result, in order to better
compare joint performance to these future partial depth repair configurations an 8mm
thick and 16mm wide index joint, using an offset configuration, was created and can be
seen in Figure 9-34. The boundary conditions shown in Figure 9-2 and the IOkN loading
remained the same in these models, reducing the tensile stress applied to 78.125MPa from

the 200MPa seen in the previous joint models.

Figure 9-34: Geometry of index model used in joint sensitivity study

The first variable analysed was that of the adherend stiffness. New stiffness matrices were
input into the model, thereby having one adherend with a different stiffness from the
other. This would allow a suggestion as to how a repair of differing stiffness from the
parent would behave, however any conclusions from this study would be limited due to the
fact that the geometry is ajoint. It can be seen from Figure 9-36 that the mean zx shear
stress has a near constant value, regardless of adherend stiffness, whereas the peak shear

stress reduced with increasing adherend stiffness.

A more in depth analysis of the stresses seen in the bondline of these models, a schematic
of which can be seen in Figure 9-39, does however show some variation. This variation
comes in the form of a shift in the location of the peak zx shear stress. When analysing the
+50% models, it can be seen that the location of the peak zx shear stress shifts sides, as
seen in Figure 9-37 and Figure 9-38. This shift coincides with changing location of the knife
edge of the stiffest adherend. As a result, it would appear that the for the +50% stiffness
case, the stress from the less stiff adherend, in this case the Index adherend, wants to
transfer as soon as possible. This thereby increases the stress seen in the uppermost 0° ply

of the variable stiffness adherend, which in this case was set at a +50% stiffness and in the
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as load can still transfer down through the laminate to other load carrying 0° plies.

Variable Index
Stiffness Stiffness
Adherend Bondline Adherend

Figure 9-35: Diagram of variable adherend stiffness joint

This peak however is not as great as what is seen in the negative configuration,

For the -50% case, the stress tries to stay within the stiffer Index adherend for as long as

possible, transferring down through the laminate until it reaches the lowest load carrying 0°

ply in the laminate. This essentially concentrates a great deal of the stress on this ply which

in turn then dumps it into the bondline at its termination, causing a high stress to be seen in

this region of the bondline.

3

Variable Adherend Stiffness Joint
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Figure 9-36: Effect of variable stiffness on the bondline zx shear stress
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Adherend Stiffness +50%
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Distance along the x axis (mm)
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Figure 9-37: zx shear stress profile of the +50% adherend stiffness model

Adherend Stiffness -50%
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Distance along the x axis (mm)
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Figure 9-38: zx shear stress profile of the -50% adherend stiffness model
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A similar phenomenon can be seen when bonding adherends of dissimilar stiffness in a lap
configuration, as seen in [101]. This ESDU document [101] shows that an asymmetrical

stress distribution is seen in the bondline when dissimilar materials are bonded and can be

seen in Figure 9-39.

Figure 9-39: Lap joint of dissimilar materials loaded in tension giving an asymmetrical [101]
Figure 9-40 shows the results of varying the bondline thickness by +50% from the Index
value, giving bondline thicknesses of 0.1mm and 0.4mm. Again, the mean shear stress in

the bondline remains at a near constant value and the peak shear stress seems to reduce

gradually with increasing bondline thickness.

Variable Bondline Thickness Joint
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Figure 9-40: Effect of variable bondline thickness on the bondline zx shear stress

The analysis of varying the bondline stiffness also showed that the mean zx shear stress in

the bondline remained constant. The peak zXx shear stress did however increase with

increasing stiffness. This can be seen in Figure 9-41.
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Variable Bondline Stiffness Joint
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Figure 9-41: Effect of variable bondline stiffness on the bondline zx shear stress

The variation of the scarf angle was predicted to have an effect on both the mean and peak

shear stresses in the bondline and this was indeed the case, with increasing stresses being

seen with increasing scarf angle in Figure 9-42.

Variable Angle Joint
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Figure 9-42: Effect of variable scarf angle on the bondline zx shear stress
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It was found that by varying the load applied to the joint, a linear relationship was seen
showing that with increasing load there is an increase in both the mean and peak bondline

zx shear stresses. This is shown in Figure 9-43.

Variable Load

y = 1.0291X-0.0019]

y =0.4277x-0.0008

0 2 4 6 8 10 12 14 16
Load(kN)
. Mean m  Peak Linear (Mean) Linear (Peak)

Figure 9-43: Effect of variable load on the bondline zx shear stress

9.6 Summary

During this chapter, the behaviour of scarf joints has been analysed with regards to
bondline stresses. Two main configurations were investigated: aligned and offset. Despite
the aligned scarfjoint being the easier to manufacture, it appeared that the normally offset
geometry gave superior load transfer through the bondline. It should also be noted that a

normally offset geometry would also be the more realistic case for a repair design.

The effect that various scarf tip geometries would have on the bondline stresses was also
investigated. It was noted that a certain amount of ply trimming was necessary to ensure
integrity at the scarf tip and that allowing the adhesive spew to fill any gaps caused by the
trimming would be advantageous. A butt edge configuration should be avoided at all costs

due to the intense stress concentrations that are seen in the tip region.

A comparison of analytical, computational and mechanical test results showed that the
mean analytical predictions correlate well with both aligned and offset geometry

computational models. The peak shear stress analytical prediction may not have offered as
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good a correlation to the computational models and at scarf angle values of less than 3°,
there was a total lack of correlation between the analytical predictions and mechanical test
results. This was due to the joints with scarf angles of less than 3° failed via an
inter/intralaminar failure mode, while the analysis assumed cohesive failure in the
bondline. However, once the scarf angle of the joints increased to 3° the correlation
improved and offered the best comparison to the mechanical test results, as the failure

mode shifted from inter/intralaminar to cohesive.

A sensitivity study was also carried out on variables that may affect the bondline zx shear
stresses. It was found that the mean shear stresses were only really affected by the
variation of scarf angle and loading. Peak shear stresses did show a greater range however,

sometimes varying quite considerably when variables were manipulated.

From this, it can be seen that, ideally, a normally offset configuration should be adopted.
Ply trimming will be inevitable as part of manufacture, but the effect of this trimming, as
long as adhesive spew is allowed to fill the trim gaps, will not have much of a detrimental
effect on the joint. Despite the analytical methods correlating better with the mean
computational levels, the peak analysis techniques correlated far better with mechanical
test results and as such are recommended as an effective way to predict failure load in

joints.
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10. PARTIAL DEPTH REPAIR

While analysing joints is extremely important to develop an understanding of the behaviour
of bonded scarf repairs, it may not give a complete picture as to their actual behaviour. In
order to gain this understanding, a partial depth model, more representative of a repair
was created and compared to an equivalent joint. This was considered to be an Index

model from which all other partial depth models would be compared against.

The analysis of this configuration will hopefully highlight the benefits of using a pre-cured
repair patch. The key advantage of this method is the improved mechanical properties
when compared to equivalent co-bonded counterparts. The ability of the repair patch to
be cured at 180°C in an autoclave means that there will be no reduction in the Transition to
Glass (Tg) temperature or in the hot/wet properties of the patch. This will in turn allow the
bondline to be cured at 120°C, resulting in the bondline getting the most favourable

properties.

This chapter will look at the effectiveness of a repair by first analysing a damaged and
unrepaired laminate. An Index repair model will then be introduced and given an in depth
analysis of its performance and effectiveness. A comparison of this repair to an equivalent
joint will then be made to note any differences. Finally, a sensitivity study will be
conducted, similar to that seen in Section 9.5, to note the effect that certain variables have

on the zx shear stresses seen in the bondline.

10.1  Partial Depth Repair Model

The construction of the partial depth repair models followed the same methodology as
used in the previous joint study described in Chapter 9. An index geometry and layup was
chosen based on a proposed mechanical test specimen seen in Figure 10-1. This figure
shows the variables associated with the coupons and their related values can be seen in
Table 10-1. This would give the partial depth repair model a depth of 8mm and a quasi-
isotropic layup of [+45/-45/90/0],s. In all other aspects, this model will be extremely similar

to previous models, albeit with some geometrical changes.
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Parent Patch
Laminate

Figure 10-1: Original manufacturing drawing of the partial depth repair configuration

As in the scarf joint study, the material properties were applied as 0° UD material
orientated in the appropriate direction. The material used was updated however to
represent the material used in the mechanical test study. As in the previous numerical

studies, the model was given a quasi-isotropic, symmetrical layup.

Thanks to the symmetrical nature of the geometry, it was possible to create a quarter
model, representative of the actual geometry of the test specimen, which reduced the size
considerably. The resultant geometry can be seen in Figure 10-2. It should also be noted
that the repair patch was given an offset of 0.2mm, which is equal to the nominal cured

thickness of the adhesive.

Figure 10-2: Dimensions of the partial depth repair Index model
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Table 10-1: Dimensions associated with the variables shown in Figure 10-1
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The boundary conditions used on this model were also updated to represent the
constraints seen in the test programme. These can be seen in Figure 10-3. The loading

applied to the geometry was kept at IOkN.

Figure 10-3: Boundary conditions used in the partial depth models

As before in Chapter 9, x = 0,y = 0,z = 0, denote no displacement in the X,y and z
directions respectively and Rx = 0, Ry = 0, Rz = 0 represent no rotation around the X,y
and z directions respectively. However, before the effectiveness of a repaired geometry

can be quantified, a damaged and unrepaired geometry must first be analysed.

10.1.1 Unrepaired Model

Obviously, a damaged and unrepaired laminates performance will be inferior to that of a
repaired laminate; however the extent of this is unknown. Modelling a damaged laminate
will also allow a comparison to be made to quantify the effectiveness of any repair. This
was done very simply by first modelling the partial depth repair Index model and removing
the patch and adhesive. The model was then solved and the results extracted, allowing an

analysis to take place.

Upon looking at the distortion of the unrepaired configuration, it would appear that the
now asymmetric laminate bows considerably, with the maximum distortion being 46.5mm
in the z direction, as shown in Figure 10-4. This pronounced distortion occurs in the

damage region where the scarf has been machined and is caused by the unbalanced
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laminate in the scarf region causing a moment. The extent of this distortion, considering
the relatively low load being applied does give cause for concern. It is also likely, judging
from the distortion of the unrepaired laminate, that an increased amount of stress will be

seen in the base of the scarf region.

The tensile x strain of the damaged laminate, shown in Figure 10-5, appears to be
concentrated in the base of the scarf region, which is expected due to the reduction of the
though thickness in this region and the upward bowing of the laminate. The magnitude of

the strain is also very high, which is most likely due to the distortion seen in the laminate.

Similar conclusions can also be gathered by analysing the tensile x stress shown in Figure
10-6, with extremely high stresses being concentrated at the base of the scarf region and in

the base of the cut out region.

MSC.Patran 2005 03-Sep-12 11:53:52
Fringe Load Case 2. Static Subcase, Displacements. Translational. Z Component, (NON-LAYERED)
Deform: Load Case 2, Static Subcase, Displacements. Translational, (NON-L AYERED)

-1.63-02__
default_Fringe:
Max 4.65+01 @Nd 1949935
Min -1.63-02 @Nd 1955237
default_Deformation:
Max 4.65+01 @Nd 1949935

Figure 10-4: Distortion of the unrepaired laminate in the z axis

The conclusions that can be gathered from these plots show the severe deterioration of the
laminates performance when damaged and unrepaired. The loss of material in the
damage, or scarf region proves catastrophic to the laminate. A relatively small load of
IOKN, or 78MPa, appears to be beyond the capabilities of the remaining material, with a

pronounced distortion, strain and stress measured in the base of the damage region.
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MSC.Patran 2005 03-Sep-1211:50:53
Fringe: Load Case 2. Static Subcase Strain Tensor ,X Component, (NON-LAYERED)

default_Fringe :
Max 1.97-02 @ EIm 562600,5
Min - 1.22-02 @EIm 558588.8

Figure 10-5: Tensile x strain of the unrepaired laminate
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MSC.Patran 2005 03-Sep-12 11 52:05
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Figure 10-6: Tensile x stress of the unrepaired laminate

This brief study shows the imperative nature of repair to a composite structure and the
absolute requirement to restore as much of the original stiffness as possible. The analysis
of the Index repair model will show whether this may be possible using the concept

proposed.

10.1.2 Index Model

The first model created in the Partial Depth Repair study was that of the Index model. It
comprised of a half depth, 4mm or 8 plies deep, repair, a 3° scarf and a quasi-isotropic
layup. This primary model would allow an understanding of the behaviour of the strains
and stresses in the repair region and also allow qualitative and quantitative comparisons be

made to any configuration variations.

10.1.2.1 Index Distortion

The distortion of the Index model, shown in Figure 10-7, can be seen to be predominantly
in the negative z direction, with the maximum distortion being -0.185mm. The fact that
this distortion is very small is encouraging, but is expected due the repair patch only being

offset by the repair adhesive thickness of 0.2mm.
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MSC.Patran 2005 22-Aug-12 10:50:18
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Figure 10-7: Distortion of Partial Depth Repair Index model - Note: Measurements were only taken of the z
component

It can be seen that the application of the repair patch to the damaged laminate is extremely
beneficial, with the distortion of the Index drastically reduced from that of the unrepaired.
By simply comparing Figure 10-4 and Figure 10-7 the viability of the repair concept seems

fairly positive in this early analysis.

10.1.2.2 Index Strain

By measuring the tensile x strain going through the repair region it was possible to assess
the efficiency of the repair design in transferring load from the parent laminate to the
repair. Figure 10-8 shows the linear trend in strain seen in the repair region, from the
bottom of the parent laminate to the top of the patch. Clearly, the fact that there is only a
difference of 0.0002, or 13.8% in the maximum and minimum strain, clearly shows a near
even strain distribution in the repair region. This, in itself, is extremely encouraging as it
suggests that the concept does work as a repair in transferring load. The fact that the
parent laminate does still carry a slightly higher strain is unsurprising as it still retains a
higher stiffness load path, due to the unbroken plies in the underside of the repair. Figure
10-9 shows the fringe plot of the tensile x strain seen in the repair. It can be plainly seen

that the variation seen in the structure is very little. This is a marked improvement from
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the unrepaired and it confirms that the concept of the repair does transfer load effectively
from parent laminate to the repair patch. There are concentrations in the terminations of

the 0° plies, but this is expected and the variations seen here are not particularly large.

Through Thickness Strain of Index Model

0 —
0.0012 0.00125 0.0013 0.00135 0.0014 0.00145 0.0015

Strain

Figure 10-8: Tensile x strain through the thickness of the model in the repair region
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Figure 10-9: Fringe plot of the tensile x strain seen in the repair
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In order to better understand the behaviour of strain in varying X locations along the length
of the repair, the tensile x strain component was measured as before in the repair region in

locations identified in Figure 10-10.

Repair Bondline
Region Region

Figure 10-10: Locations of strain measurement in the Index model

Plotting the strains in Figure 10-11 shows that the strains do vary somewhat as the regions
measured progress down the Xx axis. These variations are not of a significant amount;
however there are spikes in Bondline Regions. Bondline Region 2 has a larger spike
attributable to the presence of a 0° ply termination in the bondline region of the
measurement area. There is also a variation in the strain seen in the profile of the Parent

Laminate region. This is most likely due to the nature of the deflection seen in the model.

Strain Variation in the Index Model

o
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]
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0.0012 0.0013 0.0014 0.0015 0.0016 0.0017 0.0018

Tensile Strain

Repair Region — —>Bondline Region 1 Bondline Region 2

Bondline Region 3 — — Parent Laminate

Figure 10-11: Strain variation in through the x axis of the Index model
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By further analysing the strain in the Repair Region, it is possible to calculate the amount of
load being transferred across the bondline and allow an estimate into the effectiveness of
the repair to be made. This was done by calculating the mean strain in the repair patch and
also the total mean, in both the patch and the underlying parent laminate. This gave two

values: Evatch and £totai shown in Figure 10-12.

£ Patch

Figure 10-12: Repair patch and total laminate strain measurement areas

Upon doing this, it was found that the values of these regions when subjected to a load of

IOKN were:

hatch = 0.0012895

£totai = 0.001348

Using these values then allowed the calculation of the percentage of load transfer from the

parent plate to the repair patch to be calculated:

Load Transfer = ( vatch\ x 100
' £total '

/0.0012895\
------------------- x 100
V0.001348 )

Load Transfer = 95.7 %

This value of 95.7% is extremely encouraging, as it shows that only 4.3% of the load that
should be passing through the repair is bypassing into the undamaged parent material.

This suggests that the repair patch concept is sound.
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10.1.2.3 Index Stress

As in the scarf joints, the stresses in the bondline were also analysed. Unsurprisingly, the
stresses in the partial depth were comparable to those of the full depth scarf joint with a

similar distribution of spikes and troughs through the bondline shown in Figure 10-13.

One notable feature is the flat line seen on the left side of the graph. This region of level
stress is attributable to the adhesive in the flat underside of the repair patch, shown in
Figure 10-14. This region is unlikely to carry any shear or peel loading, as suggested by the
very low levels of these components; however it is subjected to a tensile X stress. This is
understandable and expected due to the nature of the bondline in this region being parallel

to the loading direction.

As in the stress analysis of the full depth joints, it was possible to split the bondline into
upper, middle and lower levels to understand the distribution of stresses through it. As
expected, very little difference can be seen between the stress profiles of the repair and the
joint, except for the notable flat region in the repair model. This is an encouraging fact, as it
may allow an adaptation of the BASS model to be used to take into account the partial
depth nature of the repair and allow a failure load prediction to be made. This is explored

more fully in Section 10.2.

Index Model
10
8 A
6 fi

z \V

; <

Distance along x axis (mm)

ZX Shear Stress Tensile X Stress Normal Z Stress Mean ZX Shear Stress

Figure 10-13: Stress profile of the bondline shear stress in a partial depth repair
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It can be seen that the mean of the zx shear stresses seen in the bondline is 3.75MPa and
the peak is equal to 9MPa. The results are qualitatively similar to those seen in the
normally offset scarf joint discussed in Section 9.1.2. The mean and peak zx shear stresses
seen in the repair model are however substantially reduced, by 64% and 65% respectively,
when compared to those seen in an equivalent joint, shown in Figure 9-11. These figures

were found by dividing the stress seen in the repair by that seen in the joint:

Stress Reduction - 100- (Re_pa/r r mePg%%g;K « AQQ\j Equation 10-1

(% ) \ /oint Tmean,peak )

This is doubtless due to the fact that some of the load is tracking around the repair, through

the undamaged parent laminate found under the repair.

Repair

Parent

Level Stress Region Laminate

Figure 10-14: Location of level stress region in the underside of the patch in partial depth repairs
Similar reductions can also be seen in the remaining stress components. Analysis of the
tensile x stress levels seen in the bondline shows a reduction of 57% seen in both the mean
and peak. The mean and peak of the peel stress in the repair bondline are reduced by 67%

and 63% respectively, when compared to those of the normally offset joint.

Fringe plots of the structure surrounding the bondline were also analysed. Figure 10-18
shows the zx shear stress in the scarf region and Figure 10-19 shows a detailed view of the
zXx stresses seen at the termination of the 0° plies. Similar fringe plots were also analysed
for the tensile x stress in Figure 10-20 and Figure 10-21 and the fringe plots depicting the z

peel stress are shown in Figure 10-22 and Figure 10-23.
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Upper Bond Index
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Figure 10-15: Upper bondline shear stresses of Index partial depth repair

From these fringe plots, it can be seen that the only real variation can be seen at the
termination region of the 0° plies in the bondline. This is expected and will most probably

be the status quo for similar concepts.

To conclude, it would appear that the behaviour of the repair configuration is substantially
better than that of an equivalent joint and an unrepaired laminate. Therefore the BASS
method used to calculate the failure load of scarf joints will be too conservative for partial
depth repairs. As a result, further development will be required to allow this method, or a

similar one, to adequately predict the behaviour of partial depth repairs.
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Mid Bond Index
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Figure 10-16: Middle bondline shear stresses of Index partial depth repair

Lower Bond Index
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Figure 10-17: Lower bondline shear stresses of Index partial depth repair
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Figure 10-18: zx shear stress fringe plot of Index model scarf region
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Figure 10-19: Close up of the zx shear stresses seen in the red square region of Figure 10-18 depicting the
termination of 0° plies
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MSC.Patran 2005 03-Sep-12 10:56:36
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Figure 10-20: Fringe plot of the tensile x stresses seen in the repair
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Figure 10-21: Detailed view of the red square region Figure 10-20 depicting tensile x stresses at the base of
the scarf region - the bondline region is outlined in red
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MSC.Patran 2005 OS-Sep-12 10:52:33 g 7+

Fringe Load Case 1. Static Subcase. Stress Tensor Z Component. (NON-LAYERED)
6.30+
4.43+0
2.56+001
6.97-01
-1.17+

. -3.04+00.

| | 21 -4 91+00.

-8.64

-1.05+01
-1.24+01
-1.42+01
-1.61+01
-1.80+01

-1.98+01
default_Fringe:
Max 8.17+00 @EIm 84902.4
Min-1.98+01 @EIm 274528.8

Figure 10-22: Fringe plot of the peel z stresses seen in the repair
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Figure 10-23: Detailed view of the red square region of Figure 10-22 showing the peel z stress seen at the tip
of the scarf patch - the bondline region is outlined in red
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10.1.3 Trimmed and Adhesive Filled Index Model

The trimmed and adhesive filled scarf tip geometry was also applied to the partial depth
repair configuration so as to analyse its effects. As seen before in the analysis of a bonded
joint with the same scarf tip configuration, very little has changed from the Index. Apart
from the spikes seen in the tip region, the qualitative and quantitative difference between
the partial depth Index and the trimmed and adhesive model can be considered as

negligible. The same conclusions from 9.2.1.2 can also be applied to this analysis.

Upper Bond T+A Index Patch

& fr o 9 3 %o £ 0 & SO\ S,

Distance along x axis (mm)
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Figure 10-24: Upper bondline shear stress of trimmed and adhesive filled Index model

It should be noted that the peak tensile X stress seen in the scarf tip region is reduced by
60% from that seen in the equivalent joints analysed in Chapter 9. This is similar to the

reduction of applied stress seen in the partial depth repair models.
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Mid Bond QI T+A Index Patch
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Figure 10-25: Mid bondline shear stresses of trimmed and adhesive filled Index model
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Figure 10-26: Lower bondline shear stresses of trimmed and adhesive filled Index model
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10.2 Comparison of Partial Depth Repairs

to Joints

In order to ascertain that the repair concept does indeed work, it is necessary to compare
the load being transferred in the partial depth repair to its equivalent joint. This is due to
the fact that in a scarf joint forces the load to transfer from one adherend to the other,
whereas the partial depth repair does not necessarily require this to happen, as the load
can not only track through the repair but also through the undamaged underside of the

parent.

The qualitative and quantitative differences in the distortion of the partial depth repair
configuration compared to that of the scarf joint are substantial. This is to be expected

however due to the different geometries.

As mentioned previously, the stresses in both the joint and the partial depth repair are
more or less identical in the scarf region, with very little variation. The only real difference
can be seen in the flat region at the base of the repair, seen from Omm to =70mm where a
near 0 MPa shear stress value is seen for the same applied load, as can be seen in Figure

10-27:

Partial Depth Index and 8mm Scarf Joint ZX Shear Stress

40 60 80 100 120 140 160
Distance along the bondline (mm)

- "Joint — — Partial Depth

Figure 10-27: Comparison of shear stresses seen in full depth joint to partial depth repair
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Clearly then, the behaviour of a partial depth scarf repair is similar to that of a full depth
scarf joint. This implies that a similar analysis used on the full depth scarf joints, seen in

Chapter 8 of this work, could be applied or adapted to analyse partial depth repairs.

Applying a similar load transfer analysis, as performed in Chapter 10.1.2, to an equivalent
joint allows a check to be made on the amount of load being transferred from one
adherend to the other. Comparing the left, or constrained adherend of the joint, to the
right hand, or loaded adherend gives a load transfer of 99.98%. Such a figure can easily be
considered as being within the margin of error of 100% load transfer. Not only does this
check allow some form of validation to the models but also shows the effectiveness of the
scarf repair configuration analysed, as a load transfer of 95.7% can be described as

excellent.

10.3 Sensitivity Study

In order to appreciate the effect that certain variables have on the repair, a sensitivity study
was carried out. The variables in the repair geometry were modified by the same degrees
that were used in Section 9.5 and the variables identified as being suitable for investigation

were:

e Repair patch depth;

e Repair patch stiffness;
¢ Bondline thickness;

e Bondline stiffness;

e Scarf angle;

e Loading;

e Layup.

Each model had the level of one of these variables changed from the Index level by a
certain percentage, up to £50%. The peak and mean shear stresses in the bondline centre
region were then measured and plotted for comparison. It should be noted that the

sensitivity study was carried out on plain, untrimmed partial depth scarf repair models.

An analysis of the results shows linear or near linear relationships in the studies carried out.
This is to be expected as the loading was kept relatively low, within the linear elastic region
of the real material, with the notable exception of the variable loading analysis, which went

up to 90% of the parent laminates ultimate load. It was also seen that, qualitatively, the
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results of the partial depth repairs were similar to those in the joint study, seen in chapter

9.5.

The effect of varying repair patch depth, shown in Figure 10-28, gives a fairly limited linear
variation in both mean and peak bondline shear stress. The effect is somewhat greater in
the peak, but this is expected and is seen in almost every variation due to the peak stresses
having a greater sensitivity than the mean. It would appear however, that with increasing
repair patch depth there is an increase in the shear stresses seen in the bondline. This is
most likely due to the fact that the increased patch depth increases the proportion of load
transferred into the patch, increasing the stresses seen at the knife edge tips of the 0° plies.
This may suggest that with increasing repair patch depth there is an increase in the load

transfer efficiency of the repair.

it should also be noted that a correlation exists between the repair patch depth and its
stiffness. With this in mind it is likely that the increased stiffness of the thicker patches
would increase the load transferred into the repair. However, this correlation between
patch depth and stiffness is highly dependent on the layup used. If there is an increased
amount of 0° plies in the undamaged region of the laminate underneath the repair when

compared to the repair, this correlation will no longer exist.

Figure 10-29 shows the effect of varying the stiffness of the repair patch and is perhaps the
only example where the partial depth repair situation does not follow the same qualitative
pattern as its equivalent joint. The x axis used in Figure 10-29 shows the effective stiffness
change in the repair region, accounting for both repair patch and the undamaged parent

laminate beneath it.

It can be seen that with increasing repair patch stiffness there is an increase in both the
mean and peak bondline shear stresses. The mean bondline shear stress has a slightly
larger gradient than the peak. This is admittedly very small, but may suggest an increased
stress range that may be due to increased load transfer seen when using stiffer repair
patches. The varying stiffness plot also has a qualitative similarity and a similar gradient to
the variable depth plot seen in Figure 10-28. This could suggest a relationship between

repair patch depth and stiffness.

Further analysis conducted on the strains in this region revealed linear variations, similar to
that seen in the Index case analysed in Section 10.1.2.2. The gradient of these strains did

however change with varying patch stiffness, as can be seen in Figure 10-30. These strains
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show that with increasing repair patch stiffness there is a reduction in strain seen in the
patch and an increase in strain with reduced patch stiffness. This was contrary to what was
assumed, as it was thought that by increasing the stiffness of the repair patch, an increase
in the load transfer would be evident. From further investigation, it can be seen that these
strains may not reflect load transfer, but the effect of the resultant distortion of the repair.
Figure 10-31 and Figure 10-32 show the effect that a patch with an increased stiffness of
50% and a reduced patch stiffness of 50% has on the repair. It can be seen that Figure
10-31 bows downwards, as in the Index case, but Figure 10-32 shows an upward distortion
similar to that seen for an unrepaired laminate, seen in Section 10.1.1. Analysis of the
tensile X stresses in the repair patches show higher stresses in the reduced stiffness patch
compared to its increased stiffness counterpart. These can be seen in Figure 10-33 and
Figure 10-34. The variation of stresses between these two situations is most likely due to

the distortion of the repair region caused by the increased/decreased patch stiffness.

Variable Repair Depth
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2 y =0.0098X + 3.0789
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Patch Depth (%)

. Mean n Peak Linear (Mean) Linear (Peak)

Figure 10-28: Effect of repair depth on bondline shear stresses
When analysing the effect of bondline thickness, stiffness, scarf angle and loading for the
partial depth repairs from Figure 10-35 to Figure 10-38 respectively, similar conclusions can
be gathered as in the joint study due to the qualitative similarities in the results. There are

quantitative differences, but these are expected.
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Variable Repair Patch Stiffness
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Figure 10-29: Effect of repair patch stiffness on bondline shear stresses
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Figure 10-30: Strains measured through the thickness of the repair region in the variable patch stiffness

models
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Figure 10-31: Distortion of the E+50% model in the z axis
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Figure 10-32: Distortion of the E-50% model in the z axis
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Figure 10-33: Tensile x stress seen in the repair region of 50% stiffer patch
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Figure 10-34: Tensile x stress seen in the repair region of a patch with a 50% reduced stiffness

179.



Partial Depth Repair

As expected, the variation of loading had a linear effect on the stresses seen in the bondline

and can be seen in Figure 10-38. This plot appears qualitatively similar to the variable load

analysis carried out in the joint sensitivity study in Section 9.5 and as such, similar

conclusions can be gathered.
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Figure 10-35: Effect of bondline thickness on bondline shear stresses
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Figure 10-36: Effect of bondline stiffness on bondline shear stresses
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Variable Scarf Angle
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Figure 10-37: Effect of scarf angle on bondline shear stresses
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Figure 10-38: Effect of loading on bondline shear stresses

100

The effect of varying the repair patch layup can be compared to the variation of the repair

patch stiffness as more directional layups can affect the tensile stiffness of the repair patch.

However, variations to the quasi-isotropic layup were also investigated. One model

investigated rotating the repair patch layup by 90° relative to the parent plate, effectively
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pairing opposite ply orientations. For example a 0° ply in the parent would join to a 90° ply
in the repair patch and a +45° ply would join a -45° ply. An alternative layup orientated the
plies in the laminate in a clockwise fashion, thereby giving a [+45/90/-45/0] laminate. This
clocked layup may allow easier and better flow of stress in the laminate, as the stiffness
mismatch between the plies is less than if they were orientated in a more traditional quasi
isotropic layup. Table 10-2 and Figure 10-39 show the results and effect of varying the
repair patch layup on the shear stresses seen in the bondline. Reducing the number of 0°
plies in the laminate increases the stress seen in the bondline. This would mean that a
laminate such as the 12.5/37.5/50 layup, which is a laminate comprising of 12.5% of 0°
plies, 37.5% of 45° plies and 50% of 90° plies, will have an increased concentration of load
seen by the 0° plies. This can be seen as the subsequent increased intensity of the load

being transferred across the bondline. The opposite is also true for the 50/37.5/12.5.

Table 10-2: Results of repair patch layup variation

Index 3.77 9.04
12.5/37.5/50 3.79 13.72
50/37.5/12.5 3.73 6.38

Clocked 3.76 9.17
Opposite 3.61 5.53

By analysing the results gained from the clocked layup, it can be seen that there is no
advantage or disadvantage in changing the Index quasi isotropic layup used in this work to
that of a clocked quasi isotropic. It was hoped that there would be reduced shear stresses
seen in the bondline due to reduced stiffness mismatch between plies in the laminates.
This appears to not be the case however and the results gathered from the clocked layup

model are similar to those of the Index model.

Applying a 90° rotation to the repair patch layup, thereby joining opposite plies via the
bondline appears to give favourable results, as bondline shear stresses appear reduced.
This may be due to the load being more distributed in the bondline, thereby reducing the

intensity of concentrations.
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Variable Layup
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Figure 10-39: Effect of layup variation on bondline shear stresses

10.4 Summary

An analysis into a partial depth repair was conducted so as to better understand the
effectiveness of pre-cured repair patches. An ideal Index geometry was created so as to act
as a baseline. This included trimmed plies in the patch to account for manufacturing
capabilities and to avoid tip warping. The effect of ply trimming was limited to the tip
regions and the qualitative and quantitative differences between the plain and trimmed

and adhesive filled models were minimal.

A comparison was also made between the Index partial depth model and that of an
equivalent scarf joint. The only substantial variation between these two models was the
flat region seen in the partial depth model which represented the underside of the repair
patch. There was also a reduction in the peak zx shear stress seen in the bondline. This
reduction in peak shear stress was expected due to load bypassing the repair patch through

the undamaged parent material.

A sensitivity study was also carried out on the variables associated with the partial depth
repair Index model. These variables included patch depth, patch stiffness, bondline
thickness and stiffness, effect of scarf angle, loading and variation of layup. It was found

that the mean bondline shear stresses remained fairly constant. The peak bondline shear
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stresses varied in an almost linear fashion in virtually every study, with the exception of the
layup variation, which did not follow any discernible correlation. Again, it was found that
the scarf angle had the greatest range in both mean and peak shear stress levels as did the
variable loading. However these two variables are well known to affect scarf repairs and
can be considered more as checks, the real value of the sensitivity study was the analysis of
the other associated variables. From these, it was also found that the bondline thickness
and stiffness had a measured effect on the peak shear stress. These factors essentially lead
to the conclusion that the deciding factor on how well a bonded scarf repair will work relies

on the scarf angle and the adhesive used.

From this sensitivity study it may be possible to begin developing a partial depth analysis
method to predict the shear stresses seen in the bondline and the failure loads of partial

depth repairs, which is explored further in the next chapter.
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11. DEVELOPMENT OF THE SCARF
REPAIR ANALYSIS METHOD
(SCRAM)

Following the comparison of the partial depth repair to the normally offset joint, it was
apparent that the BASS method, described in Chapter 8, would not be suitable in predicting
the behaviour of a repair. More development would be required to allow this method to

adequately predict an accurate failure load.

This chapter details the additional work carried out to adapt the BASS equations into a
method that can be used to describe the behaviour of partial depth repairs. This was done
by applying new factors to the analysis and to further investigate the nature of the partial
depth repair. These investigations not only allowed the identification of these new factors,

but also allowed them to be quantified into usable equations.

11.1  Application of Bypass Factor

The BASS method, as described in Chapter 8, analysed the zx shear stress experienced in
the bondline of a full depth scarf joint. Section 10.2 compared the stresses experienced in
both a full depth joint and a partial depth repair. The results show that, although being
similar qualitatively, there was a quantitative difference, with the partial depth repair
experiencing a reduced peak stress in the bondline due to load bypassing through the
undamaged parent laminate. This leads to the conclusion that by applying a factor to the
BASS joint analysis to account for the reduced stresses experienced in the bondline, a

method could be derived for the analysis of partial depth repairs.

Equation 8-6, which is essentially the basis of the BASS method, is derived from resolving
the forces seen in the adherend of a scarf joint. From the comparison of the partial depth
repair to the full depth joint, seen in Section 10.2, the stresses seen in the bondline of the
partial depth repair are reduced compared to those seen in the joints, due to load

bypassing the repair. As a result, the results gained from Equation 8-6 for a full depth joint
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would need to be 'knocked down' to account for the partial depth nature of the repair. The

application of this Bypass knock-down factor ‘B’ to Equation 8-6 is shown in Equation 11-1.

P sin 20
= —— XR

T Equation 11-1
2dt quation

This then results in the prediction of the failure load, assuming evenly distributed load

across the bondline to be:

2t,dt
Pnean = m Equation 11-2
and likewise, for the peak load:
2E,T,dt
Ppear = m Equation 11-3

Where the m subscript is used to denote the mean level and p denotes the peak level. With
the application of this adjustment factor to the BASS method equations complete, the next
task was to find the equation, or numerical value, that would be substituted for B and allow
a better prediction of the behaviour of a partial depth repair. This required that
manipulating the variables gave predictable and quantifiable results. It is also important to
establish the geometrical factors that influence the bondline shear stress in a partial depth
repair compared to a full depth joint and may require additional investigation into the joint

configuration.

11.2  Sensitivity Studies

Initially, the results of the sensitivity studies carried out in Section 9.5 and Section 10.3
were used to ascertain a possible method of predicting the behaviour of a Partial Depth

Repair.

The results of these sensitivity studies were plotted against the results of the full depth
joint Index and the partial depth Index models in various formats. One such format was to
plot the percentage variation of stress compared with that of an Index model on the y axis
and the percentage change of the variable on the x axis. An example of one of these plots

can be seen in Figure 11-1.
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Sensitivity Study Variable Analysis
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Figure 11-1: Variable analysis of the repair patch depth from the sensitivity study

Despite the linear relations seen in these figures, there did not seem to be any indication of

any relationship or factor that may be possibly applied to the existing BASS method.

As a result, it was decided to adopt an alternative method that would be able to ascertain

the factors required to modify the BASS method.

11.3 Using Orthogonal Arrays

The sensitivity studies previously carried out in this work have concentrated on varying a
single factor by a certain degree to note the effect that the factor has on the result. While

this is important, it sometimes cannot give the detail required.

An alternative method would be to use matrix experiments, where the settings of various
product or process parameters studied are varied from one experiment to another [104].
Once the matrix experiments have been conducted, the data can be gathered together and
analysed to determine the effects of the parameters [104]. Orthogonal arrays are
specialised matrices that allow the effects of several parameters to be determined in an
efficient manner [104]. The theory behind these is well established and can be referred to

in several textbooks on experimental design [104].
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In this instance, it is the ability of orthogonal array experiments to consider multiple
factors, as well as the interactions between these factors, that makes them particularly
useful. By also adopting the Linear Graph Technique, a method developed by Dr. Genichi
Taguchi, the orthogonal array experiment can easily incorporate the analysis of interactions

[104].

The Linear Graph Technique analyses two factors, for example A andB, which are
suspected of having an interaction, the magnitude can be measured by the extent of non-

parallelism:

A X B interaction = (Ya2p2 — Ya1p2) — (Vazp1 — Ya1p1)

= (Vazsz + Ya1p1) — (Wazp1 + Ya1p2)

Plotting this graphically gives:

4 Va8,
BRBQ
y Yae,
Ya8,
Ya,s,
B=8,
I | >
A Az

Figure 11-2: 2-factor interaction between A and B [104]

Using this method, the magnitudes of factors and their interactions can be found and are

given a ranking. This will allow any further analysis to focus on the highest ranking factors.

From the various orthogonal arrays available, it was found that the optimal array would be
an L16 configuration, shown in Table 11-1. Figure 11-3 depicts the possible
interdependencies of the factors used in the L16 array, with the circles at the points of each

pentagon denoting the variable and the lines denoting the relationship between.
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Table 11-1: L16 Orthogonal Array [105]

Factor
Experiment 4 D a
1 1T 1 5 1 1 i 1 1 1 1 1 1 1
2 11 1 1 1 i 2 2 2 2 2 2 2
3 11 2 2 2 2 1 1 1 1 2 2 2
4 I 11 2 2 2 2 2 2 2 2 1 1 1
5 2 2 1 1 2 2 1 1 2 2 1 1 2
6 I 2 2 1 1 2 2 2 2 1 1 2 2 1
7 I 2 2 2 2 1 1 1 1 2 2 2 2 1
8 I 2 2 2 2 1 1 2 2 1 1 1 1 2
9 2 1 2 4 2 1 2 1 2 1 2 1 2 1
10 2 1 2 1 2 1 2 2 1 2 1 2 1 2
11 2 1.2 2 1 2 1 1 2 1 2 2 1 2
12 21 2 2 1 2 1 2 1 2 1 1 2 1
13 2 2 1 1 2 2 49 1 2 2 1 1 2 2
14 2 2 1 1 2 2 1 2 1 1 2 2 1 1
15 2 2 1 2 1 4 2 1 2 2 1 2 1 1
16 2 2 1 2 1 1 2 2 1 1 2 1 2 2
1
4 12 8

Figure 11-3: Diagram of the interdependencies of variables used for L16 array [104]
This would allow the analysis of 5 individual variables and the combinations of these

variables, set at two different levels to be analysed. The 5 variables selected for analysis

were:

Scarf Angle;

Repair Patch Depth;
Repair Patch Stiffness;
Bondline Thickness;

Bondline Stiffness

These factors would then be combined into the various permutations, for example Scarf

Angle and Repair Patch Depth combined.
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The fact that it was only possible to analyse 2 levels required that the highest and lowest
bounds be used. In most of the cases this involved increasing/decreasing the variable by
+50% of that seen in the Index case. Applying the lower bounds to level 1 and the higher
values to level 2, an experiment matrix was populated, the models built and the results
were then extracted and tabulated into a Linear Graph Analysis tool. In the case of the
scarf angle the lowest scarf angle used, the 3° index value would be used as level 1 and the

highest value of 6° would be used for level 2.

The results of the Linear Graph Analysis allowed a ranking to be made of individual and
combinations of variables to be made. However, simply ranking the results of the partial
depth models is not enough, as this ranking will only show the effect of a variable on the

partial depth configuration and not the effect on the variation from partial depth to joint.

As a result, the results of the partial depth models were divided by the results of the full
depth joint of equivalent scarf angle i.e. the results of the 3° partial depth model divided by
the results of the 3° full depth joint and the 6° repair model results were divided by those of
the 6° joint. This was done so as to understand the difference between the partial depth

repair and full depth joint.and their influencing factors.

This allowed a ranking to be made on the variables, or combination of variables, that

affected the knock down of stresses from full depth joint to partial depth repair.

Upon finding the most influential variables affecting the mean and peak bondline stresses,

it was then possible to start deriving factors that could be applied to the BASS method.

11.4 Components of the Mean B,,, Factor

Using the results of the sensitivity studies of both the full depth scarf joint and the partial
depth repair, seen in Section 9.5 and Section 10.3 respectively, it was possible to start

deriving possible factors for B,,.

The results of the Linear Graph Analysis shows that the primary factors found for the mean

shear stress, or evenly distributed load analysis, were:

e Repair Patch Stiffness (Cgrg)
e Repair Patch Thickness (Cgt)

e Combination of both Repair Patch Stiffness and Depth (Crggre)
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This would suggest that the B,,, factor would involve components of Repair Patch Stiffness,

Repair Patch Depth and a Combination of both Repair Patch Depth and Stiffness.

11.4.1  Calculation of Individual Components

From the data gathered in the sensitivity studies, it was possible to create ratios from the
stress results and from the variables associated with the models. Firstly, each model in the
sensitivity studies had its variable identified and the variation from the parent laminate
quantified. In the case of Repair Patch Depth, the proportional thickness of the repair
patch depth and the depth of the parent laminate was found, so for a 2mm repair patch in
an 8mm parent laminate, the resulting solution would be given a value of v ratio = 0.25.

Repair Patch Variable (Depth) ~ 2mm

~ Parent Laminate Variable (Depth)  8mm 025

The variation in the zx shear stress measured in the bondline was then calculated. In this
case, the mean shear stress in the bondline of the partial depth repair was divided by that
found in the equivalent full depth scarf joint. These values were then called S ratios.

Repair Bondline ZX Shear Stress

3.50
= Pa) == =0.818
§ Joint Bondline ZX Shear Stress a)

4.28

This process was then repeated for several parent laminate and repair patch depths. Upon
calculating these values, it was then possible to plot the S and V ratios together in order to
ascertain any trends and their associated equations for the ‘bypass’ components, or C.
These C components will then be used to find the total bypass factor. Trend lines were

then plotted for each variable and their equations derived. This can be seen in Figure 11-4.

The equations seen in Figure 11-4, can then be used to calculate the C factor for their
associated variable. For example, to calculate the knock-down component of an 8mm thick
parent laminate with a 2mm repair patch would use the equation shown in blue in Figure

11-4:

s = 0.115v2 + 0.0856v + 0.7941

where s = Crepair patch Thickness factor, or Cgr and v = 0.25. So:

Cre = 0.115(0.25)2 + 0.0856(0.25) + 0.7941

Cre = 0.8226875
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This value represents the effect that a 2mm thick repair patch in an 8mm parent laminate

would have on the mean bondline shear stress of a repair. The same principle can then be

applied to find the CRepair patch stiffness Are fdctor.

Ccomponents for Bm

1.20
1,00 =0.115V2+ 0.0856V+ 0.7941
.80
s =-0.0884V2+ 0.3176v + 0.6577
2 0.60
s =0.2806V2+ 0.0231V + 0.6934
0.40
0.20
0.00
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
V Ratio
+ 8mm Parent [] 6mm 4mm Parent X Stiffness
Poly. (8mm Parent) Poly. (4mm Parent) Poly. (Stiffness)

Figure 11-4: Plot of the Mean bondline shear stress knock-down components or Cfactors
Assuming that the initial hypothesis of the mean Bm factor having components of both
Repair Patch Stiffness and Repair Patch Thickness as well as a combination of both, it would

suggest that:

Bm — CRECRICRERt

where CRERTis the component of both Repair Patch Thickness and Stiffness combined.

However, due to the laminar nature of composites, there is an inherent relationship
between Repair Patch Stiffness and Repair Patch Depth. Indeed, it can be seen in the
sensitivity studies conducted as part of this work that with increasing Repair Patch
Thickness there is an increase in the Repair Patch Stiffness. There is also the possibility that
calculating these factors separately and then combining them could introduce a double
accounting in the half depth situation for example due to the geometry being part of the

variable.
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As such, deriving these two components separately may not present the best solution. It
will probably be better to derive these components together in combination, thereby giving

a Crgge factor, this would mean that:

By = Crere

11.4.2 Combined Cpgp; Component

The derivation of the Crgrr component is slightly different to that of the individual
components of Repair Patch Stiffness and Repair Patch Thickness. Due to the fact that this
is @ combined factor, it will require that the V ratios be combined prior to plotting against

the results of the S ratio. Therefore, the V ratio in this example becomes:

_ (RepairE Repair t)
" \Parent E~ Parent t

This new V ratio was calculated for all of the models with variable repair thickness and

stiffness and then plotted against the existing S ratio result. These were then plotted in

Figure 11-5:
Single C component for B,
1.20
1.00 —
T o
0.80 f*f"/&—
[s = -0.0985v2 + 0.3356v + 0.7371 |

2
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L]

0.40

0.20
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Figure 11-5: Single C Factor of Repair Patch Stiffness and Thickness

Applying this singular equation as the B,, factor has some advantages over combining the

individual components. Firstly, it is easier to calculate, with only one equation required to

193.



Development of the Scarf Repair Analysis Method (SCRAM)

ascertain the knock-down factor. Secondly, there is no chance of a double accounting as
was the case for the individual factor analysis. As a result, it is recommended that this

singular component be used for B,,,. Therefore:

B,, = —0.0985v2 + 0.3356v + 0.7371

11.4.3  Comparison to Computational Analysis

Applying the B,, factor to the BASS method, thereby producing a mean SCRAM equation,
allowed the comparison of this analysis to the results of the mean stresses measured in the
bondline of the computational models. The models analysed were those already
constructed as part of the sensitivity study carried out in Section 10.3 and were

geometrically similar to the test coupons used in the mechanical test study.

It was found that, given an acceptable margin of error of 5%, the analysis method using the
combined Crepp, cOmponent gave a better correlation to the computational results than
those from using the individual C component method. As a result the initial suggestion of
using the By, = Crggry knock-down is indeed correct and should be used to predict the

mean zx shear stress found in the bondline of a partial depth repair.

Analysing and comparing the analytical results using the B,,, = Crgg factor in Figure 11-6
shows that, overall there is an excellent correlation between both the analytical and
computational results. However the 4mm thick parent geometry, Geometry 9, does have a
larger range between the two results. This is most likely due to the thinner parent laminate
used in this configuration. This might suggest the presence of an additional factor or

component that may have to be derived to account for varying parent laminate thickness.

Despite a favourable correlation with the computational results of the mean shear stresses
seen in the bondline, Section 9.4.3 showed that the mean did not adequately predict the
failure load of the joints. It was found that the peak analysis showed far more promise and

accuracy and as such, the knock-down of the peak method should also be investigated.
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Comparison of Predicted Mean and Computational Analysis
Shear Stress in the Bondline
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Figure 11-6: Comparison of both mean analytical and computational results

11.5 Components of the Peak Factor

Comparison of the BASS methods to mechanical test results in Section 9.4.3 shows that the
peak analysis method has the best correlation. As a result, this method will most likely give

a viable prediction to the partial depth repairs configuration.

According to the Linear Graph Analysis, the primary factors affecting the peak shear stress

in the bondline of the repair were found to be:

« Bondline Thickness (CBt)

+ Repair Patch Depth (CRt)

« Bondline Stiffness (CBE)

+ Combination of both Repair Patch Depth and Repair PatchStiffness ( CRERt)

+ Combination of both RepairPatch Depth and Bondline Stiffness (CRIBE)

Due to the increased sensitivity of the peak stress, it was decided to extend the investigated

factors to 5, to better account for any possible variation.
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11.5.1  Individual Components

By using the same method as described in 11.4.1, it was possible to derive the components
of the primary variables. These were then combined with increasing complexity to produce

a possible B, factor:

o Cpr

* Cpr X Cge

® Cpr X Cpe X Cpg

® Cpr X Cre X Cpp X Crere

® Cpr X Cpe X Cpg X Crere X Crepe
Alternative components that weren’t identified in the Taguchi analysis were also applied:

o (g
o (g XCgg
® Crere

® CScarf

The first three of these alternative components can be seen to be taken directly out of the
By, factor. This was done in order to ascertain whether a B, factor would be necessary.
The Cscqry component was created as it has been seen previously that the scarf angle has a
substantial effect on the peak stresses seen within the bondline. As such a Cscqrf

component was applied in order to see the effect that this would have.

11.5.2 Combined Components

As before in Section 11.4.2, certain components were combined and analysed to form a
singular factor. This method was deemed necessary for the B, factor due to the inherent
relationship held by the identified components. However, this is not the case for the
components identified for the B, factor. These components were nevertheless combined

to ascertain the following components:

* Cptre

*  CptreE

A combined component of Cgrgp, similar to that seen in Section 11.4.2, was also applied.
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11.6 Evaluation of Peak SCRAM Results

While not having a favourable correlation to the computational results, the peak calculation
was shown to better predict the failure load of a bonded scarf joint in Section 9.4.3. As
such, the peak SCRAM predictions will be compared to computational results as well as to

the results obtained through mechanical testing.

11.6.1  Comparison to Mechanical Test Results

Once these components had been derived, their effectiveness at predicting the failure
loads of partial depth repairs needed to be quantified. In order to do this, results taken

from mechanical testing were required.

This study comprised of 10 different geometries with 3 different layups, shown in Table
11-2, which would identify the strengths and weaknesses of each method identified in
Sections 11.4 and 11.5. These geometries were tested in an ‘As Received’ condition at
room temperature, meaning no moisture or heat was added to the component during the

tensile testing. A full description of these tests can be seen in [2].

Excel sheets were created with the required information to find the components and apply
the appropriate B factor to the BASS predictions. The results of these predictions were

then compared to the results of the tensile testing to ascertain the best method.

It should be noted that the adhesive of specimen batches Al, A4 and A10 were given cures
that exceeded the 120°C required during manufacture. This increased cure temperature is
suspected to increase the performance of the adhesive, thereby increasing the mechanical

properties.

Figure 11-7 shows the plot of both the mechanical test results and those of the most viable
potential SCRAM predictions. It can be seen that there is a discernible pattern in the results
and that the predictions follow this pattern relatively well. There are however exceptions
to this, namely in Batch numbers 5 to 8, which have more directional layups. It would
appear that the predictions for these batches are higher than those measured through
mechanical testing, but this was to be expected due to the method essentially being

derived for a quasi-isotropic layup.
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When analysing the quasi-isotropic configurations, the proposed methods appear to better
predict failure load, with the suggested failure loads being tightly clustered around those

measured through mechanical testing.

Comparison of Prediction Methods to Mechanical Testing
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Figure 11-7: Comparison of mechanical test results and select analysis methods

From the viable methods shown in Figure 11-7 it would appear that the best correlation is
seen with the CBt x CRf method and as such, it is suggested that Bp should be comprised of

these components. Therefore:

Bp — x CRt

This is however, only based on the quasi-isotropic geometries and that different
components may be required for more directional or anisotropic layups. It should also be
noted that for the 4mm thick quasi-isotropic parent laminates, the predictions are slightly
optimistic, suggesting that an additional factor may be required to account for parent

laminate thickness.

Referring back to the sensitivity study carried out in Section 10.3 however, it can be seen
that the analysis of varying repair patch depth, shown in Figure 10-28, does show that the
thinner laminates do have slightly lower peak shear stresses in the bondline. In the 25%
depth repair patch case, the peak seen in the 8mm thick laminate is 4.6% higher than that

seen in the 4mm thick laminate. In the half depth repair the 8mm thick laminate has a peak
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that is 2.3% higher. Analysis of the 75% depth case does show the 8mm laminate to have a
peak shear stress that is >1% lower than the 4mm laminate, however this is due to the
increased loss of stiffness that this laminate has compared to its 8mm thick counterpart.
The fact that the 8mm laminates have slightly higher peaks may be due to the repair
patches having a higher stiffness relative to their equivalent 4mm counterparts. This would
suggest that slightly more load transfers through the patch in the 8mm laminate than in the
4mm equivalent, most likely due to the increased stiffness or number of load carrying Q°
plies in the thicker patches. One conclusion that could be gathered from this is that the
additional factor, suggested earlier, may refer to repair patch stiffness or possibly the ratio
of 0° plies in the repair patch relative to the parent laminate. However, in order to fully

investigate this, a significant amount of additional work will have to be carried out.

It should also be noted that, due to the lack of mechanical properties data for the adhesive
used in mechanical testing, an appropriate substitute adhesive was used. The work carried
out in [2] studied various adhesives when testing full depth joint geometries and found that
the substitute adhesive used in this work behaved in a similar fashion to that used in the
mechanical testing. This positive result allowed the same adhesive used in previous
numerical studies to be used in this partial depth study as a substitute. There may still be
some discrepancy in the results, however this should be limited and not overly affect the

comparison of mechanical testing and analytical predictions.

11.6.2 Comparison of Peak SCRAM to Numerical

results

By utilising the same technique used in Section 11.4.3, the analytical prediction suggested
in 11.6.1 was compared to those of the computational models. As before, the analytically
predictions were given error bars extending +5% and the computational results were
compared against these. As in the evaluation of the mean B,, factor, the analytical and
computational results had fairly good correlation. The only computational result not within
the 5% margin of error was that of the 4mm thick parent laminate. This was expected as it
was seen in the evaluation of the mean method as well as the comparison to mechanical
testing. This can be considered as further evidence of an additional factor that may be

required to account for the thickness of the parent laminate.

199.



Development of the Scarf Repair Analysis Method (SCRAM)

Tahle 11-2: Geometrical information of specimen used in mechanical testing along with individual and

average results
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Comparison of Analytical and Computational Peak Shear Stress
in the Bondline

16.00
14.00 12,96 rex77
<p12. .
12.00 Sa 120 13.00
‘ol
I 10.00
1 9,05 P 9.04
* | |11 8.83
E 600 \* st 1 o.bb
5 <p»7.23
S 6.00 41 6.38
if <] 555
4.00
2.00
0.00
2 3 4 5 6 7 10

Geometry Number

+ Analytical Prediction m Computationally Measured

Figure 11-8: Comparison of peak analytical prediction to computational peak
11.7  Factor ‘X'
. actior

In order to fully explain the behaviour of a partial depth repair, additional components
and/or factors may also be required. At the moment, these are unknown and will have to
remain so until more mechanical data has been gathered, however suggestions will be put

forward in this Section.

As suggested in Section 11.4.3 and 11.6.2, there may be a component or factor that may be
required to account for parent laminate thickness. This could improve the predictions
made for the 4mm thick parent laminate geometries and could allow a better fit for other
thicknesses yet to be studied. This will require a fuller comparative analysis than that
already conducted, varying not only the parent laminate thickness, but also the patch
thickness too so as to also measure the effect of its variation. This may amount to a several
models and care must also be taken to ensure that the parent laminates analysed are

symmetrical and that the origin of the scarf be positioned in a 0° ply.

There is also the suggestion that another factor may also be applied to account for the
more directional layups. This may take the form of an accounting of the parent laminates

stiffness or from the percentage of a certain ply orientation in the total laminate. However,
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as before more data, both from mechanical testing and computational modelling, are

required to allow a possible accounting to be made.

An additional factor that may need to be applied is one to account for any manufacturing
errors. These errors will probably come in the form of repair patch misalignment and the

effect of this will need to be quantified into an appropriate factor.

The fact that 3 possible components, or factors have been identified in this Section, may
suggest that the SCRAM equations described in this chapter are incomplete. However any
additions to the equations derived from the current limited data may not give a correct
solution. As a result, Equation 11-2 and Equation 11-3 can be classed as correct, but may
require a currently unknown ‘Factor X’ to account for any unknowns that may affect the
result, thereby giving:

2T, dt

P, = —————— X Factor X i .
mean Bm % sin 26 Equation 11-4

and

2E,Tpdt

P = ——————— X Factor X i .
peak Bp % Ell sin 26 Equation 11-5

11.8 Summary

The development of an analytical method to describe the behaviour of a partial depth
bonded repair has been described in this chapter. Both mean and peak analytical methods
were derived by applying B, or Bypass factors to the BASS analysis described in Chapter 8.
These factors were comprised of C components that were identified by using Orthogonal
Arrays and Linear Graph Analysis. Once identified, these factors could then be analysed in

detail in order to derive equations that would describe their effect.

Once derived, the resultant SCRAM equations were then compared to both computational
and mechanical test results. The mean SCRAM was found to correlate well with the mean
zx shear stress seen within the bondline of the computational models. These were not
compared to the mechanical testing however, as it was seen in Section 9.4.3 that it is in fact

the peak analysis that predicts failure load.

A comparison of the peak SCRAM analysis and the results measured from computational

models also showed a good correlation. However, the value of this method is its ability to
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predict the failure load of the partial depth repair and in order to do this, the results of the

analytical method were compared to those taken from mechanical testing.

it was found that the peak SCRAM correlated well with the results gained from the
mechanical testing of the 8mm thick, quasi-isotropic parent laminate geometries. However
this method did seem to lose this correlation once the laminates became more directional
and thinner. This loss of correlation was somewhat expected as the SCRAM method was
derived from analysing 8mm thick quasi-isotropic laminates. This loss of correlation
prompted the suggestion of a possible missing factor, or a ‘Factor X’ that could improve the
performance of the SCRAM analysis. This factor could take into consideration the overall
layup of the laminate, the thickness of the parent laminate and possibly other aspects that
haven't been considered yet, for example manufacturing inaccuracies. Despite being
identified, the derivation of this missing factor has not been attempted. This is due to the

requirement of more data, both from computational analysis and mechanical testing.

As a result, it can be seen that, while not fully completed, the SCRAM analysis is indeed a
viable method to analyse partial depth repairs, as long as those repairs are on an 8mm thick
quasi-isotropic laminate. It will however require additional work in order to account for

varying parent laminate thickness and more directional layups.

It should be noted that, so far, all of the models and analysis methods derived have been
based on an ideal, perfect scarf. While this simplifies analysis considerably, it is an
unfortunate fact of life that perfection is notoriously difficult to achieve. Inaccuracies,
manufacturing errors and worst case scenarios must be taken into account at some point
and as such, should be analysed in the next chapter. Another consideration that must be
made is that many stress methods are derived or corrected from extensive mechanical test
studies. The mechanical testing carried out as part of this work, while not as extensive as is

required for full method derivation/validation, it does offer a solid base to work from.
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12. MANUFACTURING

CONSIDERATIONS

Throughout this work, the assumption has been that the joint or repair is perfect. This is
what is and should be aimed for during design and manufacturing and makes analysis far
easier. However, the reality is that imperfections and errors occur in any manufacturing

environment and need to be considered.

This will undoubtedly also be the case for a composite repair, especially if it is manually
applied. Even if automated or CNC systems were to be used, a certain amount of error will
still be present. The tolerances of the machining systems will dictate what is achievable

and will result in a slight variation from what is considered ideal.

This chapter seeks to investigate the effect of incorrect geometrical application of the
repair patch. It will also briefly investigate the accuracy of automated systems that would
most likely be used in a repair scenario. Considerations will also be made on other factors
that may affect a repair, such as tip warping; the use of hand machining as opposed to

automated and the effect of the adhesive being incorrectly cured.

12.1  Application Inaccuracies

Currently, the method of applying the repair patch to the parent geometry relies on hand
laying thg patch into the correct position. This is however subject to human error and may
result in the patch being laid in improperly. The effects of any patch misalignment have yet
to be investigated and minor variations from the ideal may have extremely detrimental
effects on load transfer or cause highly localised shear stress peaks or possibly stress/strain

singularities.

As a result, a sensitivity study was conducted to assess the effects of a manufacturing error.
This study analyses the effects of poor patch positioning and alignment, studying a range of
positions and angles. It is assumed however that the manufacturing of both parent plate

and repair patch falls within allowable limits and are essentially perfect.
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12.1.1 Inaccurate Patch Positioning

Inaccurate patch positioning is one possible form of inaccuracy that may affect the
efficiency of a repair. Due to geometric constraints posed by the machined damage region,

the amount of X misalignment or offset that could be modelled was +2.5mm.

0ifsel

Patch

Adhesive 2

Parent
Measuring Point

Figure 12-1: Schematic of inaccurate patch positioning

Given that this misalignment would essentially increase/decrease the bondline thickness,
the overall effect would be similar to that of varying the bondline thickness, as investigated

in Sections 9.5 and 10.3. The results of varying the patch positioning can be seen in Figure

12.2.
Effect of Inaccurate Positioning
y =0.033x2+ 0.0971X + 9.0444
D -0.0137X + 3.7765
©
3 2 1 0 1 2 3

X Misalignment (mm)

. Mean ] Peak Linear (Mean) Poly. (Peak)

Figure 12-2: Effect of inaccurate patch positioning

It would appear that the effect of positional inaccuracy is fairly minimal, both in terms of

mean bondline shear stress and in peak bondline shear stress as both levels remain virtually
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constant. There is a slight increase of 5% seen in the peak shear stress from increasing the

offset positively by 2.5mm; thereby reducing the bondline thickness, but this is very small.

By analysing the shear stress profiles of the models, it is possible to see the effect that
patch positioning has on the shear stress distribution in the bondline. Figure 12-3 shows
that the three different patch positions give relatively similar stress profiles, albeit with
certain variations, when measured from the centre of the bondline, shown by the

measuring point in Figure 12-1, out towards the termination point at the scarf patch tips.

Effect of Inaccurate Patch Positioning

10
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Figure 12-3: Shear stress profiles of inaccurate patch positions

It can be seen that there are certain steps or kinks in the profile of the offset geometries, as
well as what can be described as double or square spikes that were seen in the aligned joint
models. These are undoubtedly caused by the encroachment of ply termination regions
into load transfer regions. The effect of these encroachments is however minimal, as no
excessively sharp increase or decrease in shear stress can be seen, apart from in the usual
0° ply regions. It would appear that the positive X+2.5mm, case has an increased number
of these features compared to the X-2.5mm case, most likely due to the reduced bondline
thickness which is resultant to the positioning. There is also an increased range in the shear
stresses seen in the X+2.5mm case and a reduced range for the X-2.5mm, which can also be

attributed to the varying bondline thickness.
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As a result, it can easily be concluded that inaccurate patch positioning in the X axis has, at
most, very limited effect on both the mean and peak shear stress in the bondline. It also
reinforces the observations made regarding the effect of bondline thickness in the

sensitivity study.

12.1.2 Effect of Angular Misalignment or Patch 'Tilt’

Angular misalignment of the patch, or patch 'tilt', assesses the effect that varying the angle
of the patch from being perfectly parallel to the parent laminate has on the bondline shear

stresses.

Offset

Parent Adhesive

Figure 12-4: Schematic of Patch Tilt

The maximum/minimum tilt angle that can be achieved is limited by the geometry of the
machined damage region to +0.075°. The fact that this angle is very small can be
considered an advantage as any negative effects that the tilt may have will be limited by
the geometry. There is also the fact that varying the patch tilt will essentially vary bondline
thickness, with the -0.075° model having a slightly thinner bondline at the tip of the repair
region and the +0.075° model having a marginally thicker bondline at the tip. As a result,
the composite plies in the patch will be slightly out of alignment with their parent laminate
counterparts and this may cause some variation in the bondline shear stresses. The results

of the analysis conducted on the sensitivity of patch tilt can be seen in Figure 12-5.

The variation of patch tilt has very little effect on the mean shear stresses in the bondline,
however there is some variation seen in the peak shear stress levels. It would appear that
with increasing tilt, there is a reduction in peak shear stress levels. This can be compared to
increasing the bondline thickness, which also causes a decrease in peak shear stress, as
shown in Sections 9.5 and 10.3. This bondline thickness variation can be seen in Figure 12-4
as the slight increase in patch tilt increases the thickness of the bondline at the tip of the

repair patch. Despite the increased variation of peak bondline shear stress, the overall
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range is still quite small, being only ~1.5MPa or =15%. However, it should be noted that
this small range is possibly limited by the extremely small variation in the tilt, being only
+0.075°. If it were geometrically possible to allow a greater tilt angle, it is very feasible that

this will result in a far greater range in peak shear stresses.

Effect of Patch Tilt

fy =45.095X2- 15.509x + 9.0444 j
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Angular Offset in Degrees

* Mean n Peak Linear (Mean) Poly. (Peak)

Figure 12-5: Effect of patch tilt
Analysing the shear stress profiles of the models shown in Figure 12-6 shows that
qualitatively, the stress profiles remain relatively unchanged. There are however some
quantitative differences, the most apparent of which can be seen at the peaks attributable
to the 0° plies and at the troughs seen just after. The increased sensitivity of the peaks as
they near the edge of the repair patch is most likely due to the variation of the bondline
thickness attributable to the tilt angle. An analysis of bondline thickness in Sections 9.5 and
10.3 show that an increased bondline thickness reduces the peak shear stress seen in the
bondlines of both full depth joints and partial depth repairs and this appears to be the case
in this situation. This may be due to the thicker bondline allowing better load distribution
on the one side of the repair. It seems that the side of the repair with the increased tilt of
+0.075° has better load distribution, as the magnitude of the spikes seen on this side are
reduced. It can be argued that the load transfer of the positive tilt side of the repair may be

better, most likely due to the gradually thickening bondline in this configuration.
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Effect of Patch Tilt
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Figure 12-6: Shear stress profiles of varying patch tilt

The conclusions that can be taken from this study are that the patch tilt despite its
relatively small variation can have an effect on the shear stress levels in the bondline.
These appear highest in the repair tip region, but the range of peak shear stress is quite
small, being only approximately 2.5MPa, or 15 % Admittedly, the range of angular tilt
analysed was incredibly small, however the geometric constraints of the repair restricted
any attempt of using higher tilt angles. If however the geometry allowed a greater range of
angular tilts to be analysed, it would be apparent from the trend seen here, that the range
of peak shear stresses in the repair tip regions will increase with increasing tilt angle. As a
result, it would be recommended that the angular tilt should be limited as much as
possible, but as the machined damage region should restrict much of this, it should be fairly

controllable.

12.1.3 Combination of Inaccurate Position and Tilt

The next logical step is to combine the effects of both an inaccurate patch position and an
angular tilt, since a combination of these scenarios is the most likely to occur. Similarly to
the previous models, there were geometrical constraints as to how much geometrical
variation that could be applied. These would increase slightly from the previous levels due
to the combination of both positional and tilt variation, but to allow a comparable analysis,

the offset values remained the same as in previous models.
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Angular Offset

Positional Offset

Patch

Parent Adhesive

Figure 12-7: Schematic of Positional and Tilt Misalignment

The results of this investigation can be seen in Figure 12-8. One consideration that must be
made is the fact that the positional offset and tilt angle cannot be plotted on the same axis
without some form of normalising factor. As a result, it was decided that the situation
where the positional offset and the tilt angle were negative, would be plotted at a position

where x = —1 and the positive counterpart was x — 1.

Effect of Inaccurate Patch Position and Tilt

y = 0.4334X2- 0.7748x + 9.0444

y =-0.0535x +3.7629

-1.5 -0.5 0.5 1.5
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* Mean ] Peak Linear (Mean) Poly. (Peak)

Figure 12-8: Effect of inaccurate patch position and tilt

Again, the results show that the mean level of shear stress in the bondline is unaffected
regardless of the alignment situation. The peak shear stresses are qualitatively similar to
the tilt results seen in Figure 12-5, however there are slight variations. These may be due
to the fact that when analysed separately, the peak shear stress of the positional models

increases with increasing positional offset and that with increasing angular tilt, the bondline
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shear stress reduces. That fact that, separately, these variables behave inversely to each
other, would suggest that an increase in tilt angle will counter an increase in positional
offset and a decrease in positional offset would counter a decrease in angular tilt. These
are unexpected results and the fact that one form of misalignment counters the other may
reduce the effect that manufacturing inaccuracies could have on the overall repair.

However from current evidence, this appears minimal.

An analysis of the shear stress profiles, seen in Figure 12-9, shows the combined effect of
varying the position and tilt angle has on the shear stresses in the bondline. Naturally, the

stress profiles appear to be a combination of the profiles seen in Figure 12-3 and Figure

12.6.

Effect of Combined Positional Misalignment andTilt

12
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Figure 12*9: Shear stress profiles of variable positional and angular tilt inaccuracies

As a result, combining the effects of an inaccurate patch position and tilt does not have an
overly dramatic result on the stresses seen in the bondline. The fact the dominant effect
seems to be patch tilt would lead to the conclusion that this is the factor that must be
ensured to be as accurate as possible and it may be suggested that some tool to aid

accurate patch application should be investigated.

An interesting further analysis that will probably be required is the effect of surface
orientation. If the repair surface is on the upper side of a horizontal structure, for example

the upper surface of a wing, then normal vacuum pressure and patch self-righting may

212.



Manufacturing Considerations

occur, thereby limiting any negative effects of patch misalighment. However, if the surface
to repair is vertical, like the side of a fuselage, or indeed inverted, like the underside of a
wing, then problems can be envisioned with the patch alignment and tilt. A study such as
this is outside the scope of this current work, but will be recommended as a subject of

further study in the conclusions.

12.1.4 Inaccurate Rotational Alignment

This study effectively analyses the effect of rotational patch misalignment to the parent
laminate. ldeally, the plies in the patch should be perfectly aligned with those in the parent
material, however current methodology has the repair patch being placed into the damage
region by hand. This will obviously bring human error into the process and as a result the

alignment of the patch may not be as accurate as hoped.

It was decided that the Index model should be used and adapted so that the patch plies
would rotate by 1°, 3° and 5° from the Index 0°. These values were considered relatively
reasonable scenarios for inaccurate or careless patch alignment, as fibres can be reasonably
orientated by eye. The results observed in Figure 12-10 show that the range of values seen
in both the mean and peak shear stresses is very small. This was surprising as it was
imagined that increasing the misorientation would greatly increase the peak shear stresses.
The fact that this is not the case shows that the repair concept is very forgiving if the fibres
in the repair patch are not aligned perfectly with those in the parent plate. This can again

be seen in the shear stress profiles through the bondline in Figure 12-11.

Another curious feature is the fact that the peak value was not seen in the 5°
misorientation, but in the 3°. This value is admittedly only slightly higher than that seen in
the 5° situation, at only 6.3% and the difference can be considered minimal. However, this
may suggest that there is a cyclic behaviour in the effects of rotational misorientation, in
that the peak shear stress seen in the bondline will increase and decrease following a
sinusoidal pattern, dependent on the misorientation angle. This of course is only a
suggestion from the data gathered so far and may be limited to this particular layup. This
cyclic pattern, if it exists at all, will eventually break once a certain misorientation angle has

been reached and most probably if a different layup was used.
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Rotational Misalignment
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Figure 12-10: Effect of rotational misorientation

A more likely scenario is that the angles investigated may be too small to produce an effect
on the shear stress in the bondline, and that the load still transfers relatively smoothly. It
may be required that a fully 3D model be utilised to investigate this manufacturing error

further in order better understand the effect that it may have.

Rotational Offset Comparison

Distance along bondline (mm)

INDEX =— m1 Beg Off 3 Deg Off m... 5 Deg Off

Figure 12-11: Shear stress profiles of misorientated patches
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In conclusion, it will be required to further investigate this effect, using higher
misorientation angles and possibly 3D models. It is extremely doubtful that, if the
misorientation were to increase to extreme angles such as 33° or 45°, that the pattern seen
in Figure 12-10 and Figure 12-11 be sustained. However, it can be said that, for lower
angles, which fall within a reasonable margin of human error, the repair appears insensitive
to misorientation, as the shear stresses in the bondline do not vary substantially from the

Index.

12.2 Machine Inaccuracies

Currently, the commonly used method of removing damage is by hand machining. This
process, although effective, is highly variable and is dependent on the skill and experience
of the operator [68]. The skills required to manually machine out a scarf by hand require
training and continual experience, even on relatively simple repairs which the original
aircraft manufacturer offers a complete instruction set [68]. Machining out a large scarf, as
may be required for thick laminates "takes someone with real finesse and it's very easy to

make mistakes." [68].

One method of reducing the variability in the machining of the damage is to use an
automated process or machine. Several concepts are being investigated worldwide,

including off-structure robotic arm machining and structure mounted milling machines.

These automated methods have varying degrees of tolerance, which can be in the region of
= +50um. However, simply stating the tolerances of these machining methods will not give
a full description of the accuracy, the metrological inputs for these machining devices must
also be accounted for. These inputs can come from touch probes or, more practically from
laser tracking systems. Such systems have a high degree of accuracy, with tolerances of
10.075mm for local deviation measurements and +0.175mm for operational measurement

accuracy.

By combining these tolerances together, a more accurate picture of the capabilities of
automated machining becomes apparent. Even with these combined tolerances, it is
apparent that, from the analysis conducted in Section 12.1, a repair being machined within

these tolerances should not have any dramatic variations of stress from the Index case.

215.



Manufacturing Considerations

12.3 Extra Considerations

The human and machine inaccuracies covered in this chapter are by no means exhaustive.
They are however ones that can be readily and feasibly modelled and assessed. Some
considerations are far more difficult, variable or unfeasible to model, however an

understanding of them should still be sought.

12.3.1 Tip Warping

One consideration that must be considered is Tip warping. This phenomenon is
attributable to the feathering of the scarf patch tips once they have been machined out of
their original plate and is described in Figure 12-12. The detrimental effects of tip
feathering and warping have already been described in chapter 8.4 and an example can be
seen in Figure 8-6. However, the effect that this feathering will have has not been

analysed.

Tip warpin
Adhesive P ping

Parent Plate

Figure 12-12: Schematic of repair patch with tip warping

It is likely however, that this will not be a problem. Only the extremely thin regions of the
patch tips will be susceptible to the warping and it is almost certain that any patch made
will have the extreme tip machined off, or trimmed, at a set point. This will limit or possibly
even totally negate the distortion seen due to tip feathering. Repair patches subjected to
this do warp by a small degree, but this is corrected when the patch is bonded under
vacuum pressure. This fact, coupled with that of the prediction and subsequent modelling
of the tip distortion being extremely challenging has prompted the conclusion that this
consideration may not be required to fully understand the repair and may in fact be ignored

in this work.

12.3.2 Hand Machining

Currently, no automated method has been used to machine out damage using a scarf
configuration on aircraft. As a result, the machining of scarf regions by hand should be

accounted for when considering inaccuracy.
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Currently, an operator must be trained to a specific standard before being qualified to
machine and carry out a scarf repair on an aircraft structure. This is done via formal
training and the operator must gain qualifications in order to carry out these repairs.
However, once these requirements are initially met, there is no need to ensure currency.
An operator can be unpractised in the repair technique for many years, yet still be qualified
to carry out the repair. This means that the quality of repairs seen will be highly variable

from one operator to another.

Despite this being an important factor, worthy of investigation, modelling the effects of
hand machining will be unfeasible due to the highly variable nature of the task. Each
position along the machined region will vary, sometimes by significant degrees, from the
ideal. The scarf angle will also vary according to position and considerations must also be
made on variability of machining quality as the abrasive disks often used on hand tools

wear with use.

In order to ensure good quality machining a CNC device should be used. The use of
portable or wing mounted automated CNC systems to machine out damage is becoming
increasingly attractive and leading organisations to invest in their development [68].
However, if this possibility cannot be used then every effort must be made to ensure that
operators are not only well trained on the machining of damage regions, but also well

practiced.

12.3.3  Improper Adhesive Cure

The adhesive bondline is probably the most vital part of any bonded repair. As such, the
importance of it being cured properly cannot be overstated. Indeed, according to Stewart
et al. [106], the mechanical properties of certain systems can vary by as much as 60%
between the minimum and maximum values. This alone makes the degree of cure "a vitally

important consideration in the use of structurally epoxy adhesives."

It is already well known that if not enough heat is applied to the adhesive during the cure,
then it is incomplete. This has several complications to not only the adhesives mechanical

properties, but also to the adhesives ability to endure environmental attack.

In general, an incomplete cure would mean that reactive groups are still present in the

adhesive, which could lead to increased moisture absorption. This absorbed water can
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then act as a plasticiser, leading to a softening of the adhesive, reducing the stiffness and

the failure stress [107] and increasing the chance of a disbond.

According to [107], a higher curing temperature leads to a more complete cure. This is
indeed correct; however care should be taken not to over cure the adhesive, as this can
also cause damage and other detrimental effects. For example, overcuring can cause the
adhesive to become too brittle and could possibly cause some degradation of the cured

material.

12.4 Summary

This chapter has concentrated on the effects of current manufacturing methods and
possible errors. These varied from operator error to the tolerances of automated

machining methods and also considered some difficulties of current process methods.

The analysis of operator inaccuracies found that, due to the geometrical constraints of the
scarf region, the variations in both positional and angular tilt was minimal, even when they
were combined. The effects that these positioning errors had on the mean and peak shear
stresses of the bondline were investigated and it was found that the effects of these
variables were minimal. However this may be in no small part to the minimal geometric
variations seen. As a result, it may be possible to conclude that, if given appropriate
guidance, possibly from some mechanical fitting jig, the effects of reasonably inaccurate

patch position and/or tilt is fairly minimal, or at least minimised to a reasonable tolerance.

Inaccurate patch rotational alignment was also investigated. The misalignment angles
analysed were those considered to be within a reasonable margin of error when being
aligned by eye. The effect that this positioning error had was also minimal, with virtually no
difference in mean or peak shear stresses in the bondline or in shear stress profile from any
of the misalignment angles studied. The conclusion that can be taken from this is that,
given a reasonable margin of error, the effect of rotational misalignment in the patch is
negligible. If the rotational angle was to increase however, to an angle above 5° then it is

well within reason to predict an increase in the stresses seen in the bondline.

The margin of error possible in a theoretical automated process was also briefly looked
into. Current metrological and automated CNC systems were briefly analysed and their
tolerances combined. These were found to be well within the acceptable margins of error

found in Section 12.1.
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Extra considerations that could not readily or feasibly be modelled were also assessed. Tip
warping of the repair patch was identified as a possible manufacturing problem, however
this was considered easily solved through the trimming repair patch. Doing so does make
some distortion in these regions apparent, however these are no longer detectable once
bonded into the repair or subjected to vacuum pressure. The use of hand machining was
also discussed along with the fact that, even with a highly experienced and competent
operator, the resulting scarf machined is highly variable in nature and will be very difficult
to analyse. The result of an incorrectly cured adhesive was also discussed. This is obviously
the most important part of a bonded repair and an improper curing will affect the
mechanical properties of the bondline considerably however analysing this in detail was
outside the scope of this work. Investigation and the suitable control of heat introduction

can minimise this risk [3].

The analysis of the inaccuracies described in this chapter relied on varying the partial depth
Index model in some form to quantify the reduction of the repair’s performance. However,
variations and additions to the Index can be made to possibly improve the performance of
the repair or reduce the amount of material removed. Examples already described in this
work is the use of overplies, which despite being extensively used already, can possibly be

improved through the use of novel design, which is discussed in the next chapter.
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13. NOVEL CONCEPTS

This chapter seeks to analyse certain concepts that may improve on the Index or current
baseline. Concepts such as the Overply, are already used extensively, however these are
based on reduced temperature cure materials, which may not perform as well as an
autoclave cured counterpart. As a result, a possible improvement would be to incorporate
these overplies into the repair patch itself, thereby offering the same benefits of a pre-
cured and machined repair patch to the overplies of that same repair. These could include
reduced manufacturing time and NDT evaluation prior to bonding. Various configurations
are analysed and are compared to the current baseline of reduced temperature Co-bonded

Overplies.

Studies are also carried out on varying the scarf angle in the repair region relative to ply
orientation in the Multi-Angle concept and relative to position in the X axis in the S-Bend
concept. These concepts drastically reduce the length of the repair region, thereby
reducing the size of the repair. This does come at the price of increased bondline stresses;

however this study seeks to ascertain whether this is a price worth paying.

13.1 Overplies

Overplies have been described previously in this work in Section 5.3 and have been shown
to have some benefits in reducing the stresses seen in the bondline [34], however these are
typically made of reduced temperature, co-bonded pre-preg plies and several problems can

be envisioned with their use.

The incorporated overplies concept can avoid many of these problems by having these
overplies laminated as part of the repair patch in the original laminate. These will then be

bonded into the repair area as a single piece, shown in Figure 13-1.

Co-Cured Covering Plies

Adhesive

Repair Patch

Parent Laminate
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Figure 13-1: Schematic of a repair patch with Co-Bonded Overplies

It is hoped that this concept will improve load transfer at the tip of the scarf and improve
the damage tolerance of the repair. Using this configuration could also reduce the
difficulties in machining the repair patch, as the extra stiffness given by the overplies could
restrain distortion. An improvement in hot/wet performance is also likely. The fact that
the overplies will be made of the same material as the body of the repair patch also has a
benefit in negating any stiffness mismatch that would be present using reduced

temperature pre-pregs.

The models analysed in this study had a [+45/-45},s layup overply added to the quasi-
isotropic laminate of patch. The length of the overply would be 50mm and the thickness of

the adhesive used would be the same as that used in the bondline; 0.2mm.

However, a baseline comparison must first be created, analysing the current method of

using Co-bonded Pre-preg Overplies.

13.1.1  Co-bonded Pre-preg Overplies

Overplies have been noted in many different works, which state their use as covering, or
sacrificial plies {77]. These are only usually used on scarf repairs and are used to protect
the delicate scarf tips and to improve damage tolerance. They are often accompanied by a
film adhesive layer that is approximately 3mm larger than the patch so that they can cover
the repair and the last covering ply [1]. Work carried out by the authors of [77] concluded
that an overply increases joint strength by delaying adhesive failure and that thicker

overplies reduce the stress.

In order to investigate the effectiveness of current overply techniques, the Index model was
adapted with an additional adhesive layer with a thickness of 0.2mm and four covering plies
with a thickness of 0.25mm with a [+45/-45],s layup, as seen in Figure 13-2. The overplies
overlapped the repair patch and each other by 15mm and finished in a trimmed edge tip,
shown in Figure 13-3 and Figure 13-4 respectively. The material properties used were
those of the existing pre-greg material used in previous models, but given appropriate
scaling factors to better represent the material properties expected of a reduced

temperature pre-preg.
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Figure 13-2: Close up view of overplies in the repair patch tip region

Figure 13-3: Close up view of the overlap region used in the models of the Co-bonded overply model

Figure 13-4: Termination of the overplies used in the Co-bonded overplies model
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When comparing the distortion of the Co-bonded overplies model, shown in Figure 13-5, to
that of the Index, it can be seen that, although there are qualitative similarities, there are
fairly large quantitative differences. The maximum distortion seen in the Index, when
subjected to IOkN was 0.185mm in the negative z direction, whereas in this model it was
found to be 1.12mm in the negative z direction. This 83.5% increase in distortion can
undoubtedly be attributed to the introduction of the Co-bonded overplies to the outer
surface of the repair patch causing the laminate to become unsymmetrical. When the
component is loaded in tension, these plies will cause a moment that will increase the slight
downward distortion seen in the Index model. It is also feasible that the increased stiffness
offered by the application of these overplies also contributes to this increased distortion.
MSC.Patran2005 23-Nov-1210:10:54
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Figure 13-5: Distortion in the z axis of a Co-bonded Overply repair

An initial investigation into the strain showed a linear variation in the tensile x strain seen
through the thickness of the model in the z axis, shown in Figure 13-6. The highest strain
was found to be at the bottom of the parent structure and the lowest at the top of the
overplies. This was expected as the same behaviour was seen in all previous models and
the distortion of the repair shown in Figure 13-5 suggests increased extension on the

bottom surface relative to the top.
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Figure 13-7 shows a comparison of the strains seen in the Co-bonded Overplies model to
those seen in the Index. Clearly, an obvious difference can be observed between the two
configurations with the Co-bonded configuration having an increased strain range. This is
undoubtedly due to the increased distortion seen in the Co-bonded model causing an

increase in the strain.

Through Thickness Tensile x Strain of Co-Bonded Overplies
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Figure 13-6: Tensile x strain measured in repair region of Overply model

Due to the geometry of the adhesive bondline in this model, it was required that it be split
into 2 separate regions to avoid confusion in the results. These two regions were labelled
as Upper and Lower. The upper bondline region presented results from the adhesive layer
bonding the covering plies to the repair patch and the lower bondline presented the results
of the patch underside, the scarf region and the runoff of the overplies, shown in Figure

13-8.

The upper bondline region, like the underside of the patch, was not expected to show any
substantial variations in stress, due to the region being flat. The lower bondline however
was expected to show variations along the scarf region and in the runoff region of the
overplies. The stress results of both the upper and lower bondlines were then plotted in

Figure 13-9.

Several salient features can be seen in Figure 13-9, including the underside of the repair,

the scarf region, the upper bondline and the overply bondline region. The transition points
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for these regions can be seen at 40mm and 113,92mm, with the underside of the repair
flowing into the scarf region at 40mm and the scarf region and upper bondline transitioning

to the overply bondline region at 113.92. This is shown in more detail in Figure 13-10.

Co-Bonded Overplies and Index Configuration Strain Comparison
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m m Pre-preg Overplies — —Index

Figure 13-7: Comparison of strains seen in Co-bonded Overplies model to Index

As expected, the upper bondline shows very little variation, staying at a nearly constant
value throughout its length. The lower bondline on the other hand varies, as in previous
models, with peaks in the location of 0° plies and spikes at the square termination region of
the overplies. As a result, a second plot only displaying the results of the lower bondline

was created and can be seen in Figure 13-11.

Upper Bondline
Vv

Repair Patch
Parent Structure

Lower Bondline

Figure 13-8: Bondline regions of the Low Temperature Co-bonded Overplies model
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Bondline Stresses of Low Temperature Co-Bonded Overplies
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Figure 13-9: Effect of Low Temperature Cured Overplies

Repair Scarf Region
Patch Overplies

Bondline Stresses of Low Temperature Co-Bonded Overplies
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Figure 13-10: Depiction of geometrical association to Figure 13-9

226.



Novel Concepts

Tte results of the lower bondline shown in Figure 13-11 look very much the same as those
ol the Index model studied in Chapter 10.1.2. The only real difference between the two
st ess results is the addition of the run off region attributable to the overplies with reduced
st'esses in the patch tip region. However, stress spikes have been introduced in this area.
These spikes are undoubtedly due to the square edges presented by the termination of the
overplies and are comparable to those seen in the scarf region of the Index model.
However, the final two spikes representing the final and penultimate overply termination
pcints, show increased levels of stress, especially in the z component. This increased level
ofz, or peel stress, is understandable and expected due to the square edge presented by
the overply termination. It is highly likely however, that in a real world situation, this spike
would be somewhat reduced due to the presence of an adhesive spew region. This would
give a natural tapering at this point; improving the transfer of load and ease any stress

concentrations in this region.

Lower bondline stresses of Co-Bonded Overplies

Distance along x axis (mm)

—— ZX Stress —— X Stress Z Stress

Figure 13-11: Lower bondline stresses of Low Temperature Co-bonded model

A comparison plot of the zx bondline shear stresses seen in the overplies model and in the
Index can be seen in Figure 13-12. This shows that the addition of the overplies reduces the
shear stresses seen in the bondline region with the effect becoming more substantial with
increasing proximity to the tip of the repair patch. The spikes seen in the overply runoff
region are not as significant as those seen in the X and z stress components and although

the spike seen at the termination of the overplies is fairly high, it is approximately 1.5MPa,
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or 25% less than the peak seen within the scarf region. Despite this, the spikes seen in the
overply region are quite sharp, which suggest stress concentrations. These can again be

explained by the square edges presented by the termination of the overplies.

As a result, from this analysis, it would seem that the addition of low temperature cured
overplies to an embedded scarf repair, would give some benefits, as shown in Figure 13-12,
by reducing the peak zx shear stress seen in the bondline by 15%. However the overplies
analysed in this work do behave in a similar fashion to Lap joints and would also present
some of the disadvantages that are associated with that configuration. There is however,
very little that can be done to avoid this. There is also the consideration that the
application of these plies will cause the laminate to become unsymmetrical, which may

affect the mechanical behaviour of the repair.

Comparison of zx Shear Stresses in Overplies and Index Models
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Figure 13-12: Comparison of zx shear stresses in Overply and Index models

As a result, it can be seen that the application of Co-bonded overplies does indeed offer
certain structural benefits, but these could possibly be improved upon by using the

incorporated overply concept, which is investigated in the next section.

13.1.2 Incorporated Overplies with Square Edge

The incorporated configuration analysed was a simple square edged overply. This would be

the easiest to manufacture, but may not give the best results. The square edge would
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undoubtedly have a peel stress concentration that is obviously undesirable. A small
adhesive spew region would most likely be present in any real world embodiment of this
configuration, which would aid in reducing the concentration; however this is not modelled.
Despite not being the best configuration, the use of this model would allow a comparison

to be made against other incorporated overply configurations.

I OVERPLIES

Adhesive

PARENT
LAMINATE

Figure 13-13: Detailed view of the tip region of Incorporated Overply with mesh

The distortion of the square edged overply model can be seen in Figure 13-14. Again, a
qualitative similarity exists to the distortion of the Index model and to the Co-bonded
configuration. There is also a quantitative similarity seen in the two overply models, as the
Incorporated configuration has a distortion of 1.09mm in the negative z direction which is
almost exactly the same as the 1.12mm seen in the Co-bonded configuration. As a result,

similar conclusions can be deduced from the distortion of this model.

A measurement of the strain was taken in the repair region in the same way as was
described in Section 10.1.2.2 in the repair region, depicted in Figure 10-10. The strain here
was found to be linear, with the highest strain being found in the base of the parent

laminate and the lowest at the top of the repair patch, as seen in Figure 13-15.

Figure 13-16 shows a comparison plot of the strains in the Incorporated Overplies model,
the Index and Co-bonded model. From the analysis of this figure, it can be seen that the
strain gradients of the two different overply concepts are almost exactly similar, despite the
Co-bonded model having a run off region 10mm greater than the Incorporated concept.
This is expected due to the similar amount of distortion seen. When comparing these to
the Index however, both of the overply concepts show a greater strain range. Again this is
most likely due to the increased amount of distortion, or bending seen in the overply

concepts compared to the Index. This increase in bending will obviously increase the strain
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seen in the overply models with increased tension on the bottom face and compression on

the upper.
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Figure 13-14: Distortion of Overply repair - Note: Measurements were only taken of the z component

Due to the similarities in both distortion and strain seen in the Co-bonded and the

Incorporated Overplies models, similar conclusions can be gathered.

An analysis of the stresses seen in the bondline was also carried out, the results of which
can be seen in Figure 13-17. The stresses seen in the scarf region are relatively unchanged
from those seen in the Co-bonded Overplies configuration shown in Figure 13-11, however

there are substantial differences seen in the overply runoff region.

Figure 13-18 shows a comparison plot of the stresses seen in the bondline of the run-off
regions of the two concepts. Unlike in the Co-bonded Overplies configuration, the
Incorporated concept has no spikes attributable to the termination regions of plies. The
stresses remain constantly low from the termination of the scarf cut-out to the termination
of the overplies. However, when approaching this region in the Incorporated concept, the

stresses increase sharply. This is attributable to the abrupt square edge used in this
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concept, which are well known to cause concentrations and should be avoided whenever
possible. Analysing this edge configuration is useful however to allow comparisons to be

made with other, possibly better Integrated Overply concepts.

Strain Distribution of Incorporated Overply Repair Area
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Figure 13-15: Strain distribution in a repair with an Incorporated Overply

Comparison of Strain Distributions of Overply, Index and Bo-
Bonded Models
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Figure 13-16: Comparison of strains in the repair region of an Incorporated Overply repair an Index repair and
a Co-bonded Overply repair
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Bondline Stresses of Integrated Overply
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Figure 13-17: Bondline stresses of an Incorporated Overply repair

Despite there being 4 stress spikes observed in the overply region of the Co-bonded
concept, these are relatively small, with the zx shear stress peaking at 6.1MPa and the z
peel peaking at 8MPa. The incorporated overply on the other hand has a higher zx shear
stress, increasing by 34% to 9.3MPa and an increase of 41% in the z, or peel stress to
13.6MPa. Such a concentration of stresses in this region suggests that failure would initiate

here, either by peel or shear.

In order to reduce the stresses seen in the termination region of the Integrated overplies, it
may be prudent to change from the square edge baseline to an alternative overply tip

configuration.

13.1.3 Incorporated Overplies with Tapered Edge

An alternative geometry for the tip of the Incorporated Overplies would be to taper the
plies of this region. Using a 3° taper, similar to that used in the scarf region, the tips of the
upper 3 plies were modified. This essentially tapered the upper +45° and the two central -
45° overplies. The lower +45° ply of the overplies kept its square edge to account for ply

trimming. The resultant geometry can be seen in Figure 13-19.
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Stresses in Incorporated and Co-Bonded Overply Run-off Regions
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Figure 13-18: Comparison of bondline stresses in overply run-off regions of both Incorporated and Co-bonded

concepts

When analysing the strains seen in the repair region of the Tapered Edge Overply, it can be
seen that it is exactly the same as that of the baseline Square Edge. In fact, it could be said

that the only effect this variation has is on the stresses seen at the tip of the overplies.

Tapered Overplies

iy il £y
Parent Laminate

Figure 13-19: Detailed view of the tapering of the Overply with mesh
The bondline stresses of this configuration can be seen in Figure 13-21. Qualitatively, they
appear similar to what was seen in the Square Edge; however the quantitative values are
reduced. This is undoubtedly due to the more gradual load transfer seen in the runoff

region associated with the tapering. The z, or peel stress, is still the most intense
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component seen in this region, but it is reduced by a factor of approximately 30% from the
square edge configuration. The zx shear stress seen is also reduced by approximately 47%,

but the x stress remains relatively unchanged.

Strain of a Tapered Incorporated Overply
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Figure 13-20: Strain distribution in a repair with an Incorporated Tapered Overply

The conclusions that can be gathered from the results of the Tapered Overply are that the
geometrical variation has minimal to no effect on the stresses seen in the scarf region, but
does reduce the stresses seen at the termination of the overply. There is still a
considerable spike to be seen in this region; however this is due to the squared edge seen
due to the trimming and cannot be avoided geometrically. However, possible additions to

a square edge such as this could reduce the stresses seen here.

13.1.4  Oversized Adhesive Spew - “Overspew”

An oversized adhesive spew was also applied to the square edge baseline geometry. This
model was created in order to ascertain the effectiveness of the adhesive to reduce the

stress spikes seen in the square edge and can be seen in Figure 13-22.
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Bondline Stresses of a Tapered Overply
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Figure 13-21: Bondline stresses of an Incorporated Tapered Overply

The Overspew was 1.2mm deep in the Z direction at the tip of the overply region and
reduced to Omm. The taper given to the adhesive was 3° and as a result had a length of

22.16mm in the x direction.

Overplies Khesive Syt

4715
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Figure 13-22: Detailed view of the adhesive spew used in the Overspew concept with mesh
The resultant effect of the Overspew on the strain seen in the repair region is minimal as
shown in Figure 13-23. However as in the Tapered Overply configuration, the effects of the
Overspew can be seen in the stresses of the bondline at the termination of the overplies. It

would appear that the reduction in the Z stress is approximately 80% and the reduction in
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the zx shear stress is approximately 50% from the square edge baseline. The x stress
however increases by 20%. This increase could be attributable to the transfer of stress
from these components to the x component in the overply tip region, before entering the

overspew.

It can clearly be seen then, that by applying an oversized adhesive taper to the edge of the
overply a significant benefit can be gained. The reduction in the zx shear and z peel stress
observed at the termination of the overply can be considered significant. Indeed, the
reduction seen in the stresses using this configuration is greater than that using a tapered
configuration. However it should be noted that the application of this Overspew, using a
perfect 3° taper may be practically difficult, but not unfeasible. An adhesive spew region
like this would have to be manufactured by an operator, using some form of liquid resin

with enough viscosity to retain its shape once applied before curing.

Strain of an Overply with Overspew
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Figure 13-23: Strain distribution in a repair with an Incorporated Overply and Overspew
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Bondline Stresses of an Incorporated Overply with Overspew
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Figure 13-24: Bondline stresses of an Incorporated Overply with Overspew

The next logical step would be to apply a similar Overspew geometry to a Tapered Overply

to see if any potential benefits present themselves.

13.1.5 Tapered Edge with Overspew

This configuration was proposed in 13.1.4 as a natural continuation of the Overply
variation. It comprises of the basic Tapered geometry with the application of an Overspew
at the termination of the Overply. Figure 13-25 shows a schematic of the Tapered

Overspew region along with the finite element mesh used in the model.

The tensile X strain results gathered from this model shows that the application of an
Overspew to the Tapered Overply has no effect. This was expected, as the previous
iterations of the Overply concept had no impact on the strain measured in the repair

region.

Despite having no discernible impact on the strain, the addition of an Overspew to the
Tapered Overply geometry did have a substantial effect on the stresses. Despite having
qualitative and quantitative similarities in the repair region, the stresses measured at the
termination of the Overply are substantially reduced from the square edge baseline.
Indeed, the stresses are even reduced from the levels seen in the Overspew configuration.

It should also be noted that the extremely advantageous feature of using this configuration
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is that the maximum stresses are no longer in the termination of the overplies, but in the

scarf region, reducing the chances of failure initiating in the overply tip.

Tapered

Overplies Adhesive with Spew region

Parent Laminate

Figure 13-25: Detailed view of the adhesive Overspew used in the Tapered Overplies model with FE mesh
used

From the investigation into overplies, it would appear that this configuration is by far the
most effective, most likely due to the combination of the Tapered Overply geometry and

the controlled Overspew.

Strain in a Tapered Overply with Overspew
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Figure 13-26: Strain distribution in a repair with an Incorporated Tapered Overply with Overspew
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Bondline Stresses in a Tapered Overply with Overspew
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Figure 13-27: Bondline stresses of a Tapered Overply with Overspew

13.1.6 Pre-cured Overplies

A natural advancement of the Co-bonded overplies is to apply a Pre-cured overply to the
repair. This can be seen as a compromise between the Co-bonded and the Incorporated

Overply concepts.

While this concept should be given consideration, the strain and stress results observed will
undoubtedly be similar to those found in previous Overply models. It can be safely
assumed that the only variation seen will be in the termination of the bondline and that the
spikes seen here will be qualitatively and quantitatively similar to those previously seen. As
a result, the modelling of this concept will not present any new data and may not be

required.

Despite this, it should be noted that the concept does have several practical advantages
over the Incorporated and Co-bonded Overplies. It is likely that this concept will be easier
to manufacture than an Incorporated configuration, due to the relatively reduced
complexity of the geometry to be machined. Applying a Pre-cured Overply will also allow
the integrity of the Overplies to be ascertained via NDT prior to bonding. Applying a taper
and an overspew to this Overply configuration will also undoubtedly improve the
performance. The tip of this overply concept should however have a tapered edge with an

overspew to have the best possible performance.
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13.2 Multi-Angle Scarf

The Multi-Angle concept was one that was envisioned to reduce the amount of material
removed to facilitate a repair. The basis of the concept was that only the 0° plies carried
any significant load and as such only these plies required a small scarf angle, the remaining

orientations could be set far higher.

In the instance analysed here, the original Index model was modified so that the 0° plies
were given a 3° scarf angle, the +45° plies were given 15° scarf angles and the 90° plies
were given a 45° scarf angle, as shown in Figure 13-17. Using this variable scarf angle
configuration significantly reduced the scarf region to approximately half of that when

using a conventional constant 3° angle.

Adhesive
450 15° scarf +450
90° 45° scarf “45°
0° 90°
z 3°scarf 0°
X

Figure 13-28: Schematic of Multi-Angle Scarf model

m Repair
m Patch

Adhesive

Parent Laminate
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Figure 13-29: Detailed view of Multi-Angle model along with scarf angles used and mesh in the bondline
region
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Figure 13-30 shows the amount of distortion seen in the model in the z axis. By analysing
this and comparing to that of the Index model, it can be seen that it has reduced by a factor
of 10, from 0.185mm in the Index to 0.083mm in the Multi-Angle. This reduction in z
distortion is likely attributable to the reduction in length of the cut out region. This can

orly be considered as advantageous.

The strain can be seen via fringe plot in Figure 13-31 and the measurements taken from the
redair region is shown in Figure 13-32. As in previous models, it can be seen to vary linearly
with the maximum level being found in the lowest point in the repair region and the lowest
strain found in the highest. Comparing the strain seen in the Multi-Angle concept to that in

the Index shows no variation whatsoever, as seen in Figure 13-33.

The stress analysis on other hand did show significant variation from the Index. The stress
profiles of the Upper, Middle and Lower bondline can be seen in Figure 13-34, Figure 13-35
and Figure 13-36 respectively.

The average bondline zx shear stress has increased substantially, by approximately 70%.
Despite this increase, the stress profile does not vary greatly from this level and in fact
drops in the transition from 0° plies to 90° plies by 40%. This is indeed expected as the
increase in scarf angle would undoubtedly increase the stresses in the bondline to a
comparable level of the 0° plies. This would allow a far smoother stress profile to be seen.
Despite this, there is a sharp variation from the 3° scarf angle used on the 0° plies to the 45°
angle used on the adjoining 90° plies. These spikes can be seen in the tensile x and peel z
components. This initial sharp spike is then followed by a region of significantly reduced

variation and then finally continues fairly linearly at the mean level.

It can be seen that the tensile x stress spikes seen at the termination of the 0° plies varies
by 55% from the mean. These spikes may not appear qualitatively similar to those seen in
the Index, but they are quantitatively similar, peaking at similar levels. Smaller spikes can

also be seen at the transition of ply orientations.

Analysing the z peel stresses shows that the spikes seen here are substantially larger than
those seen in the Index model. These spikes are extremely concentrated and located at the
termination of the 90° plies. The high scarf angle of 45° used for these plies is undoubtedly
the cause. The sharpness and magnitude of these spikes could be reduced by limiting the
scarf angle of the 90° plies to a smaller value; however this will increase the length of the

scarf region.
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Figure 13-30: Distortion of the Multi-Angle configuration - Note: Measurements were only taken of the z
component
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Figure 13-31: Fringe plot of the tensile x strain seen in the bondline and repair regions of the Multi-Angle
concept
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Figure 13-32: Strain in the repair region of a Multi-Angle concept

Comparison of Strains in Multi-Angle and Index
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Figure 13-33: Comparison of strains in the repair region of Muiti-Angle and Index models
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Figure 13-34: Upper bondline stresses of Multi-Angle concept

Multi-Angle Mid Bondline Stresses
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Figure 13-35: Mid bondline stresses of Multi-Angle concept
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Multi-Angle Lower Bondline Stresses
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Figure 13-36: Lower bondline stresses of Multi-Angle concept

From the initial concept analysis carried out in this work, it may be possible to apply this to
a repair. The scarf angle used for the 90° plies will however have to be reduced from the
45° used in this work to limit the large spikes experienced at the termination of these plies.
This will reduce the spikes seen in this region and give a less variable stress profile, which

could reduce the presence of concentrations found in the bondline.

If this repair concept was to be adopted however, problems that will be unavoidable or
difficult to avoid will present themselves. One example of such a problem is the machining
of the repair region. This concept is highly reliant on extremely accurate measurement and
machining. If the tolerance of the combined metrology and machining systems are not
adequate, then there is a fairly good chance that the various scarf angles will be applied to
the wrong ply orientation. This will have a profound impact on the effectiveness of the
repair as the load will not be transferred as effectively. There is also the possibility of ply
waving, as seen in Figure 3-17, within the laminate which will complicate the machining
even more. This may prove to be more detrimental to this concept than to the Index

configuration.
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Figure 13-37: Fringe plot of the zx shear stresses seen in the bondline region of the Multi-Angle concept
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Figure 13-38: Fringe plot of the tensile x stresses seen in the bondline region of the4 Multi-Angle concept
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MSC.Patran 2005 06-Sep-12 11 02:55
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Figure 13-39: Fringe plot of the peel z stresses seen in the bondline region of the Multi-Angle concept

13.3 S-Bend Scarf

The S-Bend concept is one that is extremely similar to the Multi-Angle concept described in
13.2. It is a concept that gradually varies the scarf angle along the length of the bondline,
irrespective of the plies orientation. This could potentially give the benefit of reducing the

material removed, as in the Multi-Angle concept, but would be far easier to machine.

The model analysed in this work has the scarf angle varying from 3°to 31° over the space of
8 plies. This was then mirrored to reduce the angle back from 31° in the central region of

the scarf to 3° at the termination. The scarf angles used for each ply can be seen in Table

13-1:

Adhesive

Figure 13-40: Schematic of S-Bend scarf model with scarf angle varying in relation to x location
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Table 13-1: Scarf angle used in S-Bend geometry

1 3
2 7
3 1
4 15
5 19
6 23
7 27
8 31

Reverse for remaining 8 plies

The resulting geometry gave a curved scarf region, which is shown in Figure 13-41:

Adhesive
Bondline
Repair
Patch
Parent

Laminate

mmmmm

Figure 13-41: Detailed view of the bondline region of the S-Bend concept FE model with mesh
As a result of adopting this geometry, the length of the scarf region has been reduced from
114mm in the Index to 62mm in the S-Bend. This is a substantial reduction of 46% in the
length of the scarf region when compared to the Index. This presents the benefit of

reducing the amount of potentially healthy material removed during a repair.
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Despite the substantial reduction in scarf region length, the real measure of whether this
concept is a successful one is if the stresses in the bondline are equivalent to those seen in

the Index.

Analysing the distortion of the S-Bend concept shows that, qualitatively this repair concept
behaves in a similar fashion to the Index, as shown in Figure 13-42. The maximum
distortion seen in the S-Bend concept is however reduced by 62%. This reduction in
distortion may be due to the increased amount of healthy parent material still in the repair

region, thereby allowing a greater overall stiffness to be retained.

An analysis of the strain seen in the repair, shown in Figure 13-43 shows that there is
virtually no difference in the strains seen in the repair region of the S-Bend concept and
those seen in the Index. Indeed plotting both on the same graph, as in Figure 13-44, shows
no quantitative or qualitative difference. This suggests that the ability of the S-Bend
concept to transfer load from the parent laminate into the repair is comparative to that of

the Index.
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Figure 13-42: Distortion of the S-Bend concept in the z axis

A fringe plot of the tensile x strain was also analysed. This can be seen in Figure 13-45.

Clearly, the only variation in strain can be seen in the bondline with concentrations being
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seen in the termination regions of the 0° plies. These are however rather high and may be
cause for concern. This high concentration is undoubtedly due to the unfortunate

combination of highly loaded 0° ply and high scarf angle.

By analysing the stresses in the bondline, shown in Figure 13-46 and Figure 13-47, it can be
seen that the profile of the stresses measured are substantially different to those seen
previously. This is due to the more variable scarf angles used along the length of bondline
region, whereas previously the scarf angles used were either constant or varied in a

rhythmic pattern.

Despite this, certain features, such as the presence of the 0° plies, are clearly discernible as
spikes in both the shear zx and tensile x stress. Smaller spikes attributable to the transition

from one ply orientation to another are also apparent.

Investigating the zx shear stress in the bondline reveals that adopting the S-Bend geometry
increases the mean stress by approximately 50% to 8.2MPa. The peak shear stress also
increases substantially by approximately 70%, from 9MPa to 27.7MPa in the termination
regions of the 0° plies. This is undoubtedly due to the increase in scarf angle seen in these

regions.

Strain measured in S-Bend Repair Region
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Figure 13-43: Strain measured in the repair region of the S-Bend concept
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It should be noted that a region of the bondline, between approximately 51mm to 52mm
along the x axis, does vary very slightly from expected levels. This deviation from the
expected flow ofAstress is most likely due to the number of elements used in the through
thickness of the bondline in this region. Figure 13-48 shows the reduction of elements in
the through thickness of the bondline from 3 to 2 in this region. This reduced number may
affect the results slightly and should be taken into consideration. However, due to the
thickness of the adhesive in this region and the meshing software used, applying 3
elements thought the thickness of the bondline using the current density of 0.1 in this
region may not be possible without substantially increasing the number of surfaces in the

bondline.

Comparison of Strains Measured in S-Bend and Index Repair
Regions

TN
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Figure 13-44: Comparative plot of the strains measured in the repair regions of the S-Bend concept and Index
model

The fringe plot of the zx stress can be seen in Figure 13-49 and shows that the only
significant variation appears to be in the bondline. There is some variation in the body of
the composite, however this is fairly limited and contained in the region surrounding the

bondline.

The tensile x stress measured in the bondline of the S-Bend concept is substantially
increased when compared to the Index model. The mean stress can be seen to have
increased by approximately 60%, from =4MPa in the Index to =10.2MPa in the S-Bend. The

peak has increased substantially in the order of 6 times from 7.8MPa in the Index from to

251.




Novel Concepts

51.4MPa in the S-Bend concept. This increase of approximately 660% is seen in the centre
of the scarf region. This location has the unfortunate combination of a high scarf angle of
31° and the ply termination of highly loaded 0° plies. This region is highlighted in Figure
13-48 with the 0° ply being represented as a as a green lamina. The fringe plot of the
tensile X stresses can also be seen in Figure 13-50 and shows the stress being concentrated

in the termination regions of the 0° plies.

MSC.Patran 2005 06-Sep-12 10:53:57 185-0:
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Figure 13-45: Fringe plot of the tensile x strains seen in the bondline and repair regions of the S-Bend concept
It should be noted that the maximum lap shear allowable for the adhesive used in this
model is approximately similar to that seen in this bondline region. With the peak x stress
in the bondline being at a comparable level, it would suggest that this configuration will fail
with very early with little tensile load being applied. This is an extremely good example of
the importance and sensitivity that the scarf angle used has on a repair, especially when

coupled with highly loaded 0° plies.

The peel or z stresses seen in the S-bend concept are fairly different to those seen in the
Index. Despite having little to no peel stresses in the underside of the patch, as in the
Index, the z stresses seen in the scarf region are increased, albeit in the negative direction

due to the downward direction of the distortion. It would appear that by gradually
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increasing the scarf angle, the z stress also increases. Spikes can also be seen in the

termination regions of 0° plies.

Upper Bondline Stresses of S-Bend Repair
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Figure 13-46: Upper bondline stresses of S-Bend concept

Lower Bondline Stresses of S-Bend Repair
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Figure 13-47: Lower bondline stresses of S-Bend concept

From this investigation, it can be seen that, despite greatly reducing the length of the scarf

region and reducing the material removed for the repair, using this configuration in its
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current format is not advisable. The increased x stresses seen in the central region are
excessively high, approaching, if not exceeding the allowable stress for the adhesive. This
will undoubtedly lead to premature failure. This configuration may be more successful if

lower scarf angles were used, however the amount of material removed will increase.

Region of reduced
bondline elements

Figure 13-48: Region of reduced bondline elements in the S-Bend concept

MSC.Patran 2005 06-Sep-12 10:47:07
Fringe Loal Case 1, Static Subcase, Stress Tensor, ,ZX Component, (NON-LAYERED)

2.86+01
2.40+01
195+01
1.49+01
1.03+01
5.78+00
1.22+00
-3.35+00
-7.91 +00
-1.25+01
-1.70+01
-2.16+01
-2.62+01
-3.07+01
-3.53+01

-3.99+01
default_Fringe:
Max 2.86+01 @EIm 144688.4
Min-3.99+01 @EIm 199379.2

Figure 13-49: Fringe plot of the zx shear stress seen in the bondline region of the S-Bend concept
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Figure 13-50: Fringe plot of the tensile x stresses seen in the bondline region of the S-Bend concept
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Figure 13-51: Fringe plot of the peel z stresses seen in the bondline region of the S-Bend concept
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13.4 Summary

This chapter has explored certain concepts that can be applied to a bonded composite
repair patch. These included Incorporated Overplies, Pre-cured Overplies, Multi-Angle

Scarf cut-outs and S-Bend scarf cut-outs.

It was found that the Incorporated Overplies did not vary the stresses or strains in the
repair region by a very great deal, if at all. They did however vary the stresses seen at the
termination of the bondline substantially. The observation was that the best results would
be gained by applying a 3° taper to the incorporated overplies coupled with an oversized
adhesive spew region. This was shown to reduce the stresses in the bondline termination

considerably.

While not modelled or investigated numerically or computationally, the Pre-cured Overply
concept is not dissimilar to the Incorporated Overply or Co-bonded Overply concepts. As
such, similar conclusions could be reached for this concept without the need for in depth
analysis. The advantages of using this concept over the Incorporated and Co-bonded
Overplies were explained, with easier manufacturing and ascertaining the integrity of the

overplies prior to bonding via NDT being the most notable.

The Multi-Angle scarf concept was shown to reduce the length of the scarf region
considerably, with a moderate impact on the stresses in the bondline. No discernible
variation was seen in the strain of this concept and that of the Index. It was noted however
that the high scarf angle used for the 90° plies was possibly too high, as the z, or peel stress
concentrated at the termination of these plies was substantial. As such, it is suggested that
this concept should be looked at again in detail, but with a limitation on the scarf angle

used for the 90° plies.

Finally, an alternative concept to the Multi-Angle was analysed: the S-Bend. While also
considerably reducing the length of the repair region, it was noted that the stresses seen in
the bondline were nowhere near as favourable as hoped. It would appear that applying a
31° angle to the central region, which also contained a 0° ply is extremely detrimental. This
was unsurprising due to the sensitivity of the repair to the scarf angle used and the
increased amount of stress being carried by the 0° ply. The combination of these factors

therefore, must be avoided at all costs. Despite giving unfavourable results in the example
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used in this study, this concept may still be feasible for uni-directional laminates or for

laminates with no 0° plies in the higher scarf angle regions.

Following from the analysis of these novel concepts, it is natural to advance from the
coupon like geometry analysed in this work so far to full 3D repairs in representative
laminates. This important step will allow a better understanding of how a repair will

behave in a more realistic structure.
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14. 3D LAMINATE M ODELS

The natural advancement from the 2D coupon geometries analysed in previous chapters is
the analysis of full 3D plates with circular scarf patches. These geometries will more
accurately represent a real repair, in a damaged laminate. This will greatly improve the
understanding of these repairs and allow a more refined view of the load bypassing the

repair in the parent structure

The models were constructed in a similar fashion to the previous coupon based models;
however certain geometrical modifications were required due to the cross sectional
variation. The depth of the parent plate was reduced to 4mm thick and the patch to 2mm
thick, but the layup of both remained quasi-isotropic and the tip of the repair patch was
trimmed. The loading levels applied also changed, so that the basic model would be
subjected to 25kN, or 41.6MPa in the X direction. The loading and boundary conditions can

be seen in Figure 14-1:

x=0,Ry=0,Rz-0
Parent

25kN

Repair

Rx=0, Ry =0, Rz =0 y=0 Rc=0, Rz=0

(Lower edge only)

Figure 14-1: Boundary conditions of the 3D laminate models

This was due to the greater cross sectional area that the models had. The constraints

applied to this model were the same as those used in the partial depth study.

The use of Photo Elastic Analysis on equivalent mechanical test specimen was carried out in

[2] and would allow some validation of the simulations carried out in this work.
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14.1 Unrepaired Laminate

The first 3D model created was that of a scarfed, but unrepaired plate. This was built in
order to create a baseline comparison to a repaired plate. Figure 14-2 shows the resultant
deformation in the panel when loaded up to 25kN. The displacement has been scaled by

0.1 in order to allow an easier analysis to take place.

Deform: Load Case 1, Static Subcase. Displacements. Translational,, (NON-LAYERED)

default_Deformation
Max 190+00 (3>Nd 11570

Figure 14-2: Resultant deformation of an unrepaired 3D panel - un-deformed geometry is shown with a red
line and the deformed geometry, which has been scaled by 0.1, can be seen in blue/green

It can be clearly seen in Figure 14-2 that the central scarf region distorts the most when
loaded. This is expected, due to the presence of the scarf cut out in this region, as is the

direction of the distortion in the z axis, seen in Figure 14-3.

This was also seen in the distortion of unrepaired partial depth coupons. The maximum
distortion seen in the model is 1.9mm, seen in the centre of the scarf region. When
comparing this distortion to that measured by Digital Image Correlation (DIC) in the
mechanical testing [2], a very similar result can be seen. However this distortion comes at a
significantly higher load than what is applied to the model. This discrepancy is most likely
due to the fact that the geometry of the model is not an exact replica of the mechanical
test specimens, as using the methodology adopted in this work would create models that

were too large to solve using the computing equipment available.

Analysing the tensile X strain in the patch, shown in Figure 14-4, gives an average strain of
7.51 x 10-4 in the parent plate. The tensile X strain in the scarf region has a higher strain
of 1.01 x 10-3. This increase in strain is expected due to the reduction of through

thickness seen in the scarf area.
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Figure 14-3: Distortion of an unrepaired laminate in the z direction

This was also seen in the distortion of unrepaired partial depth coupons. The maximum
distortion seen in the model is 1.9mm, seen in the centre of the scarf region. When
comparing this distortion to that measured by Digital Image Correlation (DIC) in the
mechanical testing [2], a very similar result can be seen. However this distortion comes at a
significantly higher load than what is applied to the model. This discrepancy is most likely
due to the fact that the geometry of the model is not an exact replica of the mechanical
test specimens, as using the methodology adopted in this work would create models that

were too large to solve using the computing equipment available.

Analysing the tensile x strain in the patch, shown in Figure 14-4, gives an average strain of
7.51 x 10-4 in the parent plate. The tensile X strain in the scarf region has a higher strain
of 1.01 x 10-3. This increase in strain is expected due to the reduction of through

thickness seen in the scarf area.

By creating a new group which focuses only on elements in and around the scarf region,
with edge elements removed, it was possible to gain a better understanding of the
distribution of the x strains in this region. Figure 14-5 shows an isotropic view of the new
group. The contours in this region do change considerably in some regions, but these

variations are explained by the transition of plies and their associated knife edges. The
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increased amount of strain emanating from the scarf region in the y axis direction could
also be attributable to the distortion seen in the z direction, as there seems to be a
correlation between the locations of increased z distortion and increased x strain. This is

also the case in the x stress.

Analysing the tensile x stress in the same mode reveals that, unsurprisingly the 0° plies in
the scarf region have the greatest stresses. The highest stress is seen at 90° from the
loading in the scarf region. This is, again, most likely due to the distortion that the panel is
subjected to and the fact that the 0° plies are inherently weak and rely wholly on the resin
in the y direction. A slight negative stress can also be seen in the 0° direction of the
laminate at the outer edge of the scarf cutout. Again, this is due to the upward distortion in

the z direction causing a slight compression in this region.

An analysis of the xy shear strain was also carried out and can be seen in Figure 14-8 and
Figure 14-9. The distribution of the strain contours is not unusual and is somewhat
expected. Again, the peaks in the strain can be seen in the knife edges of the plies and an
increased region of strain can be seen emanating from the cutout region in the 45°

direction.

A similar analysis was carried out on the xy shear stress in the unrepaired plate. The
highest/lowest shear stresses can be seen in the +45° plies and are shown in Figure 14-10
and Figure 14-11. This is unsurprising as the xy shear stresses will naturally flow through

these plies due to the higher stiffness they present in the xy direction.

This analysis of an unrepaired 3D laminate is invaluable so as to allow a comparison to be
made to a repaired plate. This can be used to ascertain the effectiveness of the repair
concept on a more representative geometry. As such this will be analysed in the next

section.
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MSC Fairan 1005 11 Jul 12 1143:35
Fringe Load Case 1 Static Subcase Strain Tensor .X Component. (NON-LAYERED)

538-03 [

default.Fringe
Max 6.80-03 @EIm 47696 5
Min 130 04 @Elra 18667 4

Figure 14-4: Tensile x strain of an unrepaired 3D panel

MSC.Patran 2005 12 Jui~12 09 59:47
Fringe Load Case 1. Static Subcase. Strain Tensor X Component. (NON-LAYERED)

default_Fringe:
Max 2.28-03 @EIm 703516.8
Min 193-04 (3)EIm 756050.1

Figure 14-5: Isotropic view of the tensile x strain in the scarf region with edge elements removed
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MSC Fa*ran2005 12- Jul-12 14 05.55
Fringe Load Case! Static Subcase Stress Tensor. .X Component (NON-L AYERFDi

9 36+01

533+01

1 30+01

default.Frirte
Max 2 95+02 (§>Eltn 824916 5
Min -7 20*00 @E Im 239395 1

Figure 14-6: Tensile x stress of an unrepaired plate

MSC.Pairun 2005 12 Jul-12 14 14:13
Fringe Load Case 1. Static Subcase Stress Tensor..X Component (NON LAYEPJED)

215+02

114402
9 36+01
7 35401
5.33+01
3.31401

z |

130+01

-7.20+001
defaalt_Fringc:
M u 2.95+02 @EIm 824916.5
Min -7.20+00 @EIm 239395.1

Figure 14-7: Isotropic view of the tensile x stresses in the scarf region with no edge elements

263.



3D Laminate Models

MSC.Pairan 2005 16- Jul-12 08 59; 19
Fringe Load Case 1 Slaiic Subcase Strain Tensor XY Component (NON-L AYERED)

106-02

-1 1907
deiault_Fringe
Max 6 93-04 @Elin 6523597
Min 119-03 ®EIm 3128186

Figure 14-8: Top down view of the xy strain

MSC.Patran 200516 -Jul-12 09 59:J0
Fringe Load Case | . Static Subcase. Strain Tensor .XY Component, (NON LAYERED)

-201-04

4efanlt_Fnngc:
Matt 3.29-04 @EIm 539093.4
Min -8,06-04 @EIm 827472.8

Fgure 14-9: Isotropic view of the xy strain with edge elements removed
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MSC Fairan2005 16 Jul-12 10.13:10

Fringe Load Case 1. Sialic Subcase Stress Tensor.. XY Component. (NON-LAYERED) 726401 1

623401 _
520401 §
447401 _
3.14401
g
211401 __
108401
4.56-01
-985+00
-2 02+01
205401
08401 ]
501 1
614401
7 AT01

-8 20+01
<fcfault_Fringe
Max 7.26*01 <g>Bm 312395 5
Min -8 20*01 @EIm738718 4

Figure 14-10: Top down view of the xy stress

MSC.Palran 2005 16 Jul- 12 10:18:29
Fringe Load Case 1. Static Subcase Stress Tensor. XY Component (NON LAYERED)

578+01m

B0
790+00 S

A8

-1.21-01 1

-8 20+01.
default_Fringe.
Max 6.78*01 @EIm 310239.1
Min -8.20+01 <§>EIm738718.4

Rgure 14-11: Isotropic view of the xy shear stress contours with edge elements removed

265.



3D Laminate Models

14.2 Repaired Laminate

Following the analysis of an unrepaired plate, a bondline and patch was applied to the
model simulating a bonded repair to the parent laminate. The repaired laminate was, again
4mm thick, made up of a quasi-isotropic layup as was the 2mm thick repair patch. The
loading and constraints remained as they did for the unrepaired panel. The displacement
and certain strain and stress fringe plots of the repaired plate were analysed and then

compared to those of the unrepaired plate.

14.2.1 Finite Element Analysis of the Repair

A bondline and patch was modelled on the unrepaired laminate and can be seen in Firstly,
the displacement was analysed as before in the unrepaired configuration. It was found that
with the application of the repair patch, the displacement of the plate inverted from a
positive displacement in the z axis to a negative displacement. This is comparable to what
was observed in the partial depth coupons analysed in Chapter 10 and similar conclusions

can therefore be gathered.

The tensile x components of both the overall plate and bondline were also analysed and by
looking at Figure 14-15 it can be seen that the overall strain in the plate, when compared to
Figure 14-4 is reduced and is far more constant. When comparing the edgeless isotropic
view seen in Figure 14-16 with that of the unrepaired panel in Figure 14-5, it can be seen
that the presence of the repair patch has a substantial stabilising effect on the strain seen in

the scarf region.

Figure 14-12: The 3D Finite Hement Model of the Repaired Laminate
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Dctonr. lone Case 1. Static Subcase, Displacements Translational,, (NON- LAYERED)

defaultjoeformation:
Max 1.40-01 @Nd 16691

Fgure 14-13: Displacement of a repaired plate

MSC.Patran 2005 13- Aug-12 09:49:27
Fringe Load Case 1, Static Subcase. Displacements. Translational, Z Component, (NON-LAYERED)

-5 17-02
-5.91-02
-6.65-02
-7.39-02
-8.13-021
-88r(2
-9 61-02

-1.03-01

Al-a_
default_Fringe:
Max 0 @Nd 16691

Min-1.11-01 @Nd 50075
Fgure 14-14: Distortion of a repaired laminate in the z direction
Analysing the tensile x strain and stress seen in Figure 14-19 and Figure 14-20 shows that
the main variation from the mean levels in the bondline are due to the termination of 0°

plies and the trimmed region of the patch. These regions do have fairly intense contours

and the trimmed region appears to have the peak in both x components of strain and stress
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at the x direction edge of the patch. This is expected as the square edge created in the
patch due to the trimming will intensify the tensile loads seen in this region; however this
concentration is not foreseen to be problematic as the primary loading that the bondline

will take is zx shear.

An investigation into the xy shear components of the repaired plate show a similar
outcome to that described for the tensile x components. The xy shear components in the
bondline do have their peaks shifted into the 45° region. This is understandably due to

these plies taking up the most of the xy strains and stresses.

It is however the zx shear components in the bondline that are the most important. The
analysis of these components was limited to the bondline, as the overall range of values for
the full repaired plate was minimal. The zx components of the bondline did vary however,
with the greatest range of values being in the 0° or x direction and the peak of 5MPa being
in the 0° plies. Figure 14-27 to Figure 14-28 show the distribution of the strains and
stresses in the bondline. The 0° plies are clearly visible and it is plain to see that the strain
and stress reduce as the focus in the bondline shifts in an anti-clockwise direction from the
x to the y axis. This would seem to suggest that the load transfer is not constant around
the bondline. It can also be suggested that, as the focus shifts along the bondline from the
x to the y axis, the most effective load transfer occurs in the lower 45° of the bondline.
This means that the upper 45° of the bondline does relatively little work and may present
an opportunity to design improved or optimised repair patches. These designs could be
elongated ellipses or tapered rectangular shapes and could drastically reduce the size of the

repair required.

The primary conclusion from this analysis must be that even in a 3D laminate, with
increased opportunity for load bypass; the repair patch still behaves as such and offers
significant advantages compared to the unrepaired configuration. Despite this, the design
of the repair analysed in this work is not ideal, as there are opportunities to optimise the
repair to reduce size or improve load transfer. Optimisation of scarf repairs is discussed in

more detail in Appendix 16.5.
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MSC.Patran 2005 13-Aug-12 10:06:12 6.80-0:
Fringe: Load Case 1,Static Subcase, Strain Tensor. ,X Component, (NON-LAYERED)

6.34-03] _
5.88-03
542-03
4.95-03
449-03
4.03-03
357-03
3.11-03
2.65-03B
2.19-03
1.73-03
1.27-03
8.12-04
3.52-04

-1.09-04|_
default_Fringe :
Max 6.80-03 @EIm 47696.5
Min-1.09-04 @EIm 186674

Figure 14-15: Tensile x strain of a repaired 3D panel

MSC.Patran 2005 13-Aug-12 10:14:40
Fringe: Load Case 1. Static Subcase, Strain Tensor,, X Component. (NON-LAYERED)

default_Fringe:
Max 2.77-03 <§)Elm 545453.8
Min -3.79-05 @EIm 53926.7

Figure 14-16: Isotropic view of the tensile x strain in the scarf region of the repair with edge elements
removed

269.



3D Laminate Models

MSC.Patran 2005 1S-Aug-12 10:48.39 276402

Fringe Load Case 1, Static Subcase. Stress Tensor,. X Component, (NON-LAYERED)
2.57+02
2.38+02
2.20+02
201+02
1.82+02 _
1.63+02
1.44+02
1.25+02
1.06+02
8 74+01
6.85+01
4.96+01
3.07+01
119401 __

-7.02+00
default_Fringe
Max 2.76+02 @EIm 41891.5
Min -7.02+00 @EIm 652435.2

Figure 14-17: Tensile x stress of a repaired 3D panel

MSC.Patran 2005 13-Aug-12 10:51:37 1.98+02
Fringe: Load Case 1, Static Subcase, Stress Tensor,, X Component. (NON-LAYERED)
1.85+02

171402
158+02 _
145402 _
132402 _
119+02=—
1.05+02
9.22+01
7.90+01
6.58+01
5.27+01
3.95+01
263401
131401

-9.31-02
default_Fringe :
Max 1.98+02 @EIm 755793.2
Min -9.31-02 @EIm 545459.4

Figure 14-18: Isotropic view of the tensile x stress in the scarf region of the repair with edge elements
removed
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MSC.Patran 2005 13-Aug-12 10:53.16
Fringe: Load Case 1. Static Subcase, Strain Tensor. ,X Component, (NON-LAYERED)

3.48-03
3.25-03
3.01-03
2.78-03__
2.54-03
2.31-03
1111
1.84-03
1,60-0:
1.37-03;
113-03
9.00-04
6.66-04
379-05
4.31-04
197-04

-3.79-05
default_Fringe
Max 3.48-03 @EIm 49877.3
Min-3.79-05 @EIm 53926.7

Figure 14-19: Tensile x strain in the bondline

MSC.Patran 2005 13-Aug-12 10:53:45
Fringe: Load Case 1.Static Subcase, Stress Tensor., X Component, (NON-LAYERED)

119+01
1 11+01
1.03+01
9.48+00
8.68+00
7.88+00
7.09+00
6.29+00
5.49+00
4.69+00
3.90+00
310+00
2.30+00
ne A
7.05-01

-9.31-02
default_Fringe:
Max 1.19+01 @EIm 49877.2
Min -9.31-02 @EIm 545459.4

Fgure 14-20: Tensile x stress in the bondline
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MSC.Patran 2005 13-Aug-12 11:40:20 7.04-04
Fringe Load Case 1. Static Subcase, Strain Tensor., XY Component, (NON-LAYERED)
6.01-04
4.99-04
3.97-04
2.94-04
1.92-04
8.99-05
-1.24-05
-1.15-041
-217-
-3.19-041
-4.22-04
-5.24-04
-6.26-04
-7.29-04
2 X o -8.31-04j
default_Fringe

Max 7.04-04 @EIm 750797.7
Min -8.31-04 @EIm 5454554

Fgure 14-21: xy shear strain of a repaired 3D panel

MSC.Patran 2005 13-Aug-12 11:41:58 2.72:04
Fringe: Load Case 1, Static Subcase, Strain Tensor. . XY Component. (NON-LAYERED)
1.96-04

120-04
4.42-05
-3 18-05
-1 08-04
-1.84-04
-2.60-04
-3.36-04
-4 12-04
-4.88-04
-5.64-04
-6.40-04
-7.16-04
-7.92-04

-8.68-04
default_Fringe :
Max 2.72-04 @EIm 547093 6
Min-8 68-04 @EIm 545453.2

Fgure 14-22: Isotropic view of the xy shear strain in the scarf region of the repair with edge elements
removed
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MSC.Patran 2005 13-Aug-12 11:40:56 6.62+01
Fringe Load Case 1. Static Subcase. Stress Tensor.. XY Component. (NON-LAYERED)

5.65+01

4.67+01

3.70+01

S\t 273401

1.76+01
7.89+00

-1.83+00

-1.15+01

-2.13+01

-3.10+01

-4.07+01

-5.04+01

-6.01+01

-6 98+01

>7.95+01 7.95+01

default_Fringe :
Max 6,62+01 @EIm 45761.1
Min-7.95+01 @EIm 47105.7

Figure 14-23: xy shear stress of a repaired 3D panel

MSC.Patran 2005 13-Aug-12 11:42:41
Fringe: Load Case 1, Static Subcase, Stress Tensor,, XY Component. (NON-LAYERED)

-5.37+01.
default_Fringe :
Max 361 +01 @EIm 310014.2
Min-5.37+01 @EIm 654508.2

Figure 14-24: Isotropic view of the xy shear stress in the scarf region of the repair with edge elements
removed
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MSC.Patran 2005 13-Aug-12 13:12:52 9.14-04
Fringe: Load Case 1. Static Subcase, Strain Tensor ., (NON-L AYERED)

7.38-04
5.61-04
3.84-04
2.08-04
3.09-05

-1.46-04

-3.22-04

-4.99-04

-6 76-04

-8 53-04

-1 03-03

-1.21-03

-1.38-03

-1.56-03

03

-1.74-03
default_Fringe :
Max 9.14-04 @EIm 547091.8
Min -1.74-03 @EIm 545453.2

Figure 14-25: xy shear strain in the bondline

MSC.Patran 2005 13-Aug-12 13:02:12 10HD1
Fringe Load Case 1. Static Subcase, Stress Tensor,. XY Component. (NON-L AYERED)
8.15-01
6.20-01 8
4.25-01
2.29-01
3.42-02
-1.61-01
-3.56-01
-5.52-01
-7.47-01
-9.42-01
-1.14+001
-1.33
-1.53+00)
-1.72+0

-1.92+00
default_Fringe:
Max 1.01+00 @EIm 547091.8
Min -1.92+00 @EIm 545453.2

Figure 14-26: xy shear stress in the bondline
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MSC.Patran 2005 13-Aug-12 1421 G2
Fringe; Load Case 1, Static Subcase, Strain Tensor,,, (NON-LAYERED)

2.15-03
1.66-03
1.17-03

6.79-04

-2.99-04

-2.26-03
-2.75-03
-3.23-03
-3.72-03
-4.21-03
-4.70-03

-5.19-03|__
default_Fringe :
Max 2 15-03 @EIm 101288.8
Min - 5.19-03 @Elra 49874.3

Figure 14-27: zx shear strain in the bondline

MSC.Patran 2005 13-Aug-12 14:20:10
Fringe: Load Case 1, Static Subcase. Stress Tensor, , ZX Component, (NON-LAYERED)

1.83+00

1.29+00

-3.31-01
-8 71-01
-1.41+00

-1.95+00

3.03+00
-3.57 +)(

41240C
-4.66+00
-5.20+00

-5.74+00|__
default_Fringe:
Max 2.37+00 @EIm 101288.8
Min -5.74+00 @EIm 49874.3

Figure 14-28: zx shear stress in the bondline
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14.2.2 Analytical Prediction Comparison

An analysis of the peak zx shear stress seen in the bondline was also carried out. This was
done in order to compare the effectiveness of the SCRAM prediction, described in Chapter

11, to more representative 3D repairs.

Firstly, the zx stress components of the bondline were measured. The location of the
sampled elements is shown in Figure 14-29. The elements were chosen as they were

virtually directly in line with the loading in the x direction and were not edge elements.

Sampled
elements

Fgure 14-29: Location of elements sampled for zx shear stress measurement

The measured stress profile was then plotted in Figure 14-30. This stress profile is similar to
what was seen in the partial depth examples seen in Chapter 10, with spikes seen in the
location of 0° plies and a spike in the tip of the repair patch region. The repair patch tip
region shown in Figure 14-30 does have a thicker than previously seen, but this is due to

the trimmed and adhesive filled geometry of the 3D repair patch.

It can be seen from Figure 14-30 that the peak zx shear stress seen in this configuration
from a loading of 25kN, or a direct stress of 41.7MPa is 4.79MPa. The equivalent partial
depth 4mm thick parent laminate with 2mm thick repair patch coupon, subjected to a load
of 5kN or a direct stress of 39MPa, had a peak zx shear stress of 8.83MPa. From the
numerical simulations, it can be seen that the 3D repair has a 45% reduction in zx shear
stress. This would suggest that load bypassing does indeed take place in a 3D repair

scenario.

Using the SCRAM prediction method, described in Chapter 11, it was found that the

predicted peak zx shear stress that the 3D repair would be subjected to was 3.986, or
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4MPa. When comparing this to the 4.79MPa obtained from the numerical analysis, it can
be seen that there is a 16.5% difference between these two methods. A similar figure of

18.5% is seen when applying this to the partial depth equivalent.

Bondline zx Shear Stresses of a 3D Repaired Laminate

‘Q
o

»
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8oo0 >Q§<

30 35 40 45 O 55 60 65 70 75 80

Distance along the x axis (mm)

Fgure 14-30: Bondline zx shear stresses of a 3D repaired laminate

These results suggest that, despite being based on test coupon geometries, the SCRAM

analysis, in its current form, is still relatively effective on 3D geometries.

14.2.3 Comparison of FEA to Photo Elastic Results

During the course of the mechanical testing of these components [2], Photo Elastic analysis
was carried out on the repair at certain intervals. This allowed the visualisation of strain
contours forming on and around the repair whilst under load. Figure 14-31 shows the
image taken of the strain contours when a repaired specimen was loaded to 75% of

predicted failure.

Clearly, the contours seen in the Photo Elastic results of Figure 14-31 are similar to those of
the Finite Element Results shown in Figure 14-32. Although the quantitative values of the
strain contours may not be similar, the qualitative likeness can only be seen as a positive
result. This positive correlation may not fully validate the model, but it does give it

substantial credibility for future work.
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Figure 14-31: Photo Hastic resuits of a repair loaded to 75% of predicted failure load depicting tensile x strain
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Figure 14-32: Finite Hement tensile x strain results of equivalent repair region shown outlined in Figure 14-31
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During the course of this work, the variable repair configurations analysed have only been
subjected to uni-axial tensile loads. The use of a full 3D model allows the application and

analysis of more varied loading configurations and these are discussed in the next section.

14.3 Alternative Loading Scenarios

The creation of the 3D model geometry allows the analysis of more than just a purely
tensile load; it also allows the analysis of bi-axial, shear loading and the application of twist
to the parent laminate. The models in this section all had their edge elements removed as
in the previous section to reduce edge effects and as such will allow a better understanding
of the behaviour of the repair. This section seeks to explore the effects that these load
types will have on a repaired laminate and see if any problems would arise if a repair was

subjected to such loads.

14.3.1 Bi-axial Loading

Bi-axial loading is an extremely important loading type to consider, as it is the most
probable that will be encountered on a real world structure. The example investigated in

this Section is an equal bi-axial loading of 25kN in both the x and y directions, as shown in.

The distortion seen in Figure 14-34 and Figure 14-35 show that, once again, the greatest
variation seen is in the location of the repair in the direction of the z axis. The only
difference in the qualitative appearance of the distortion is that the cross-sectional
distortion can be seen in both the x and y axis due to the biaxial loading, however the

overall distortion in the z axis is similar to that of the Repaired Plate seen in 14.2.

Loading Direct

Figure 14-33: The Finite Element Model of the Bi-axially Loaded Repaired Laminate
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The tensile x strain seen in the bi-axially loaded model shows very little variation
throughout the model, except at the tip of the repair patch and can be seen in Figure 14-36
and Figure 14-37. The strain values are also similar to those in the Repaired Plate seen in

14.2.

The tensile x stresses seen in the bi-axially loaded model, shown in Figure 14-38 and Figure
13-37, are not all that different to those seen in the uni-axial situation. This is somewhat
expected but it was suspected that having the repair loaded in both the x and y direction
may allow the -45° plies to carry some of the load more effectively. This would then reduce

the intensity of the stresses in the x direction. This however, doesn't appear to be the case.

MSC Patran 2005 23- Nov-12 10:17 01
Deform: Load Case 1, Static Subcase. Displacements, Translational,, (NON-LAYERED)

X default.Deformation:
Max 1.20-01 ONd 10831

Fgure 14-34: Resultant distortion of a bi-axially loaded repair
The xy shear strain and stresses were also analysed to ascertain the effects of bi-axial
loading. These can be seen from Figure 14-40 to Figure 14-43. As before in the tensile x
situation, there was very little variation seen in the results, which may suggest that the
repair concept is equally as effective in a bi-axial loading situation as in a uni-axial.
However, unlike in the tensile x situation there is an unsurprising increase in the
quantitative results when compared to the uni-axially loaded model. When analysed, it can
be seen that both the xy strain and stress have doubled, undoubtedly this is due to the

effective doubling of the load.
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MSC.Patran 2005 19-Sep-12 09:46:33 1.20-01 .
Fringe: Load Case 1. Static Subcase, Displacements, Translational. Magnitude, (NON-LAYERED)
Deform: Load Case 1, Static Subcase, Displacements. Translational. ,(NON-LAYERED) 1.17-01

1.13-01 _
1.09-01 _
1.05-01 _
1.01-01 =
9.69-02 ___
9.29-02
P 8.90-02
8.51-02
8.12-02
7.72-02
7.33-02
6.94-02
6.54-02

6.15-02
default_Fringe:

Max 1.20-01 @Nd 10831
Min 6.15-02 @Nd 48590
default_Deformation:
Max 1.20-01 @Nd 10831

Figure 14-35: Fringe plot of the resultant distortion of bi-axially loaded repair
By analysing the xy strain and stress components of the bondline, seen in Figure 14-44 and
Figure 14-45, it can be seen that the situation for this component of the model is similar to
that of the repair and parent laminate, with very little variation seen in both the xy strains
and stresses. What is different however is that the highest strain and stress can be seen at
the tip of the repair patch region in the -45° direction. Again, this is due to the bi-axial

loading and is to be expected.

Analysis of the zx strains and stresses in the bondline shows a qualitatively similar fringe
plot to the uni-axial situation. Despite the similarities in Figure 14-46 and Figure 14-47
there are variations. The quantitative results of the bi-axial loading are, as in the xy

components; double that of the uni-axial.

The analysis of bi-axial loading has found that the only real affect is that the strain and
stress values of certain components have been doubled due to the effective doubling of the
load. This can be considered as a positive result as repairs on structures will commonly be
subjected to this kind of loading. Knowing that this will not detrimentally affect the repairs

performance improves the viability of the repair concept considerably.
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Patran 2008r2(MD Enabled) 20-Jun-13 10:32:51

Fringe: Load Case 1
10803

1.09-03

-6.50-041

-1.08-03.
detault_Fringe:
Max 5.44-03 @EIm 47696.6
M in-1.08-03 @EIm 47696.8

Fgure 14-36: Tensile x strain of bi-axially loaded repaired laminate

Patran 2008r2 (MD Enabled) 20-Jun-13 10:32:51
5.44-03

Fringe: Load Case 1,Static Subcase. Strain Teasor., X Component. (NON-LAYERED)
5'00;.
4.57-0
4.13-0
3.70-0
3.26-0;
2.83-02
2.39-02
1.96-02

.52-03
1.09-03
6.55-04
2.20-04
-2.15-04

-6.50-04 —
1.08-03
default_Fringe:

Max 5.44-03 @EIm 47696.6
Min-1.08-03 @EIm47696.8

Rgure 14-37: Isotropic view of the tensile x strain in a bi-axially loaded repaired laminate

282.



3D Laminate Models

Patran 2008r2 (MD Enabled) 20-Jun-13 10:36:54
Fringe: Load Case 1

default_Fringe:
Max 2.23+02 @EIm 23885.3
M in-2.19+01 @EIm 652435.2

Fgure 14-38: Tensile x stress of a bi-axially loaded repaired laminate

Patran 2008r2(MD Enabled) 20-Jun-I3 10:36:54

2.23+02
Fringe: Load Case 1, Static Subcase. Stress Tensor,, X Component. (NON-LAYERED)

2.07+02
1.90+02P—
1.74+02-

1.58+02

5.98+01
4.34+01
271 +01
1.08+01

-5.56+00 '
-2.19+01
default_Fringe:

Max 2.23+02 @EIm 23885.3
M in-2.19+01 @EIm 652435.2

Fgure 14-39: Isotropic view of the tensile x siress in a bi-axially loaded repaired laminate
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Patran 2008r2 (MD Enabled) 20-Jun-13 10:38:50
Fringe: Load Case 1 Static Subcase. StrainTensor.. XY Component. (NON-LAYERED)

YY

default_Fringe:
M ax 1.39-03 @EIm 750797.7
Min 1.66-03 @EIm 545455.4

Figure 1440: xy shear strain of a bi-axially loaded repaired laminate

Patran 2008r2 (MD Enabled) 20-Jun-13 10:38:50 1.39:0

Fringe: Load Case 1, Static Subcase, Strain Tensor,, XY Component, (NON-LAYERED)
1.19-03
9.87-04
7.84-04
5.80-04
3.77-04
1.73-04
3.05 :
2.34-04

4.38-04

-6.41-04

-1.05-0
-1.25-0

-1.46-03
1.66-03
default_Fringe:

Max 1.39-03 @EIm 750797.7
Min -1.66-03 @EIm 545455.4

Fgure 14-41: Isotropic view of the xy shear strain in a bi-axially loaded repaired laminate
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Patran 2008r2 (MD Enabled) 20-Jun-13 10:40:36 1.23+0:
Fringe: Load Case 1 . .
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9.35+01
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6.41+01
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default_Fringe:
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Rgure 1442: xy shear stress of a bi-axially loaded repaired laminate

Patran 2008r2(MD Enabled) 20-Jun-13 10:40:36 1 23+02|
Fringe: Load Case 1, Static Subcase, Stress Tensor., XY Component, (NON-LAYERED) ’
1.08+02

9.35+01

7.88+01 —
>23+02

6.41+01

4.93+01

3.46+01

5.14+00
-9.59+00 T
-2.43+01

1
-3.90+01
-5.38+01 £

-6.85+01 —

-8.32+01 —
-9.80+01
default_Fringe:

M ax 1,23+02 @EIm 45761.5
M in-9.80+01 @EIm 18080.7

Fgure 1443: Isotropic view of the xy shear stress in a bi-axially loaded repaired laminate
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MSC.Patran 2005 21-Sep-12 10:29:55
Fringe: Load Case 1, Static Subcase, Strain Tensor, , XY Component. (NON-LAYERED)

972-05
-7.86-05
2.55-04
-4.30-041
-6.06-"

-7.82-041
-9.58-04
-1.13-03
-1.31-03
-1.49-03

-1.66-03L
default_Fringe :
Max 9.77-04 @EIm 76211.2
Min-1.66-03 @EIm51131.2

Fgure 14-44: xy shear strain of the bondline in a bi-axially loaded repaired laminate

MSC.Patran 2005 19-Sep-12 10.45:02 210 IR
Fringe. Load Case 1. Static Subcase, Stress Tensor,, XY Component (NON-LAYERED)

1.77+0m

2.15-01
-1.74-01
-5.62-01
-9.51-01
-1.34+001
-1.73+00|
212+
-2.51+001
-2.89+00
-3.28+00

-3.67+001___
default_Fringe:
Max 2.16+00 @EIm 76211.2
Min-3.67+00 @E!m 51131.2

Figure 14-45: xy shear stress of the bondline in a bi-axially loaded repaired laminate
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MSC.Patran 2005 21-Sep-12 10:31:26
Fringe: Load Case 1 Static Subcase, Strain Tensor, (NON-LAYERED)

1.16-03

477-04
-2.05-04
-8.86-04
-1 57-03
-2.25-0.
-2.93-0:
-3.61-03
-4.29-03I
-4.97-0:

—5.65-03___
default_Fringe:

Max 4.56-03 @EIm 101291.6

Min -5 65-03 @EIm 52382.3

Figure 1446: 7.x shear strain of the bondline in a bi-axially loaded repaired laminate

MSC.Patran 2005 19-Sep-12 10:48:32
Fringe Load Case 1, Static Subcase. Stress Tensor, ,ZX Component (NON-LAYERED)

-4.74+00
-5.50

-6.25+0q___
default_Fringe:

Max 5.04+00 @EIm 101291.6

Min -6.25+00 @EIm 52382.3

Fgure 1447: zx shear strain of the bondline in a bi-axially loaded repaired laminate
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14.3.2 Shear Loading

By applying a 12.5kN load in the x direction of the outer face of the parent laminate on the
y axis a shear load could be modelled as shown in Figure 14-48. Although not a pure shear
loading situation, this model is still a viable source of information. It may also be more
beneficial as it will show the bending and out of plane displacement taking place if a repair

is loaded in this configuration.

12.5kN

Ry =0, Rz=0

Rx=0, Ry =0, Rz=0
Rx- 0, Ry =0, Rz-0

Fgure 1448: Loading and boundary conditions of the shear loaded model

The distortion of the repaired panel under shear loading is shown in Figure 14-49 and
Figure 14-50. There is some upward bending taking place on the loaded edge, but this is
most likely caused by the high proportion of +45° plies in the laminate offering some
resistance to the loading. The maximum deflection seen in this model is however very

small at approximately 0.5mm in the upward z direction, shown in Figure 14-50.

Due to the nature of the loading, the tensile x strain and stress are not analysed in this
situation. The primary analysis of the laminate will look at the xy shear strain and stress,

the fringe plots of which are shown in Figure 14-51 and Figure 14-52 respectively.

The analysis of the xy shear strain of the laminate reveals a fairly uniform behaviour. There
are slight variations, shown in blue in Figure 14-51, but these can be attributed to the
upward bending of the laminate causing a compressive strain. More importantly, the repair
patch seems to behave in an extremely similar manner to the parent laminate, with little or
no load bypass being visible. The fact that there is an increased amount of strain present at
the edge of the repair patch is expected and can be attributed to the trimmed, squared

edge of the repair patch.

288.



3D Laminate Models

MSC.Patran 2005 23-Nov-12 10:21:46
Deform: Load Case 1, Static Subcase, Displacements, Translational,, (NON-LAYERED)

defauit_Deformation:
Max 4.30-01 <i»Nd 16130

Figure 14-49: Resultant distortion of a shear loaded repair

MSC.Patran 2005 21-Sep-12 08:30:11 494 01
Fringe: Load Case 1.StaticSubcase, Displacements. Translational, Magnitude, (NON-LAYERED)
Deform: Load Case 1, Static Subcase. Displacements, Translational, (NON-LAYERED) 4.61-01

fl
3.95-01
3.62-01
329-01
2.96-01
2.63-01
2.30-01
1.98-01
165-01
1.32-01
9.88-021
6.59-02
3.29-0:

0
default_Fringe:
Max 4 94-01 @Nd 15783
Min 0. @Nd 10831
default_Deformation

Max 4.94-01 @Nd 15783

FRgure 14-50: Fringe plot of the resultant distortion of a shear loaded repair

Analysis of the xy shear stress reveals a more varied fringe plot than the strain. Again, it

appears that the repair patch behaves in an extremely similar manner to the parent
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laminate as the contours of the fringe plot seem unbroken when flowing from the parent
laminate to the repair and vice versa. There is also the variation of stress in the edge of the
repair patch that can be considered as standard, due to the nature of the trimmed and
squared edge. The region of negative stress shown as blue in the fringe plot of Figure 14-52
suggests that this region is under compression. This would indeed be the case as it can be
clearly seen in Figure 14-49 that there is an upward bending seen in this region. The
concentrations in the region of the lower edge face, seen on the right of the isotropic
figures are a result of the loading and the constraints used and may not accurately
represent what would be seen in reality. However, the only way to avoid this would be to
use a full sized model. This is unfortunately not possible in this work, as the computational

resources were not available.

It is the adhesive bondline however that is the most important aspect of this repair and
Figure 14-53 shows the xy shear strain fringe plot of the bondline. Similar conclusions can
be arrived from the analysis of this fringe plot as in the analysis of the total laminate, as the
fringe contours are extremely similar in nature. There is however a small spike in the strain
in the centre of the bondline in the -45° orientation. Unusually, this is not attributable to
the knife edge of a 0° ply, but to that of a -45° ply. Despite not being seen before in this
work, it is by no means surprising, as this is essentially the orientation of the load being
applied to the laminate. The effect of trimming the repair patch can also be seen near the

outer rim of the bondline. This concentration however, does not appear overly substantial.

The xy shear stress of the bondline has a qualitatively identical fringe plot to that of the

strain and as such, similar conclusions can be gathered.

Analysing the zx shear strain in the bondline, shown in Figure 14-55, reveals some
increased variation compared to the xy strain. The usual pattern of increased and
decreased strain in various bondline locations can be seen, but as in the xy fringe plots, it is
the -45° plies and not the 0° plies that cause the zx shear strain spikes. Beyond these

spikes, there is relatively little variation in the strain.

As in the xy shear stress situation, the zx stress is qualitatively identical to that of its strain
counterpart. As such, the conclusions gathered from this fringe plot can be considered to

be the same.
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MSC. Patran 2005 21-Sep-12 09:03:08 26003 1
Fringe: Load Case 1, Static Subcase, Strain Tensor,, XY Component, (NON-LAYERED)

2.46-03 _
22303 __ 1
1.99-03
1.76-03 _
1.53-03 _
1.30-03 _
1.06-03
8.30-04
5.98-04
3.65-04
1.32-04
-1.01-04 I
-3.34-04
5.67-04 1

-7.99-04
default_Fringe:
Max 2.69-03 @E!m 545453.1
Min -7.99-04 @EIm 548573.1

Fgure 14-51: xy shear strain fringe plot of a shear loaded repair

MSC.Patran 2005 21-Sep-1209:06:02 1.96+01
Fringe: Load Case 1, Static Subcase, Stress Tensor,, XY Component, (NON-LAYERED) '
1.79+02

1.62+02
1.45+01

1.28+02

9.39+01

7.68+01

4.28+01
2.57+01
69+00
-8.35+00
-2.54+01
-4.24+01

-5.95+01
default_Fringe
Max 1.96+02 @EIm 212406.1
Min-5.95+01 @EIm 748188.1

Fgure 14-52: x y shear stress fringe plot of a shear loaded repair
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MSC.Patran 2005 21-Sep-12 09:56:24 4 96-03 1
Fringe: Load Case 1, Static Subcase, Strain Tensor, (NON-LAYERED)

4.55-03 _
4.14-03 _
3.73-03
3.32-03
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default_Fringe:
Max4.96-03 @EIm 56147 1
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Fgure 14-53: xy shear strain fringe plot of the bondline under shear loading

MSC.Patran 2005 21-Sep-12 09:54:41
Fringe: Load Case 1, Static Subcase, Stress Tensor,. XY Component. (NON-LAYERED)

5.48+00
5.03+00
33-00
4.57+00
4.12+00
3.66+00
3.21+00
2.76+00
2.30+00
1.85+00
1.39+00
9 39-01
485-01 _
3.12-02
-4.23-01
-8.77-01

-1.33+00___
default_Fringe :
Max 5.48+00 @EIm 56147.1
Min-1.33+00 @EIm 101291.1

Figure 14-54: xy shear stress fringe plot of the bondline under shear loading
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MSC.Patran 2005 21-Sep-12 09:57:33
Fringe: Load Case 1, Static Subcase, Strain Tensor, ,, (NON-LAYERED)

Fgure 14-55: zx shear strain fringe plot of the bondline under shear loading

MSC.Patran 2005 21-Sep-12 09:59:04
Fringe. Load Case 1. Static Subcase, Stress Tensor, .ZX Component, (NON-LAYERED)

67+00

Figure 14-56: zx shear stress fringe plot of the bondline under shear loading

7 |
3.33-03
2.73-03
2.12-03
152-03
914-04
3.09-04
-2.95-04
-9.00-04
-1 50-03
-2.11-031
-2.71-03
-3.32-031
-3.92-03

-4.53-03

-5.13-03|_
default_Fringe .
Max 3.94-03 @EIm 101461 1
Min - 5.13-03 @EIm 83732.1

4.35+00

3.68+00

3.01+00

2.35+00

1.68+00

1.01+00

3.42-01

-3.26-01

-9.95-01

-1 66+00

233+00

-3.67+00

-4.34+00

-5.00+00
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14.3.3 Twist Loading

An alternative loading configuration applied to the 3D repaired laminate models is that of a
'twist' load. This is by no means an unusual loading type as the wings of aircraft twist and
flex as part of normal operation. Due to the nature of the loading a variation of the 3D
repair model was required, so as to give a triangular geometry, allowing two corners of the
parent laminate to be modelled. This can be seen in Figure 14-57. The constraints and
loading applied to this geometry was also changed accordingly. It can be seen in Figure
14-58 that the loading in the z direction has been drastically reduced to 125N. This is due
to the application of a point load to the model, which is the most feasible method to apply

atwist.

Figure 14-57: Dimensions of the 3D twisted repair model

Analysis of the results shows that despite the relatively small load application, there is a
large distortion of 35.1mm seen in the loaded corner of the parent laminate. This is far
greater than what was expected from a small load. The fringe plot of Figure 14-60 shows
the distortion as being fairly evenly distributed, so it cannot be concluded that the
concentrated nature of the load is the cause of this large displacement. An alternative
theory would be that the comparatively weak nature of the through thickness stiffness may

allow this increased deflection to take place.

The x strains measured in the parent laminate are not excessively large however, despite

the high level of distortion, as can be seen in Figure 14-61. It can be seen that the upper
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surface does have a compressive strain and the underside a positive tensile strain, due to

the nature of the distortion.

x=0, z=0,

0.125kN
(in the z direction)

y=0, Rc=0, Rz=0

Figure 14-58: Loading and constraints of the twist loaded repair
The fringe plot of the x stress, shown in Figure 14-62, shows that the maximum tensile and
compressive stresses seen in the laminate are in the loading region and adjacent to the
bondline respectively. The high tensile value of 184MPa, seen in the lowermost 0° ply of
the parent laminate is in the loaded region and is surprisingly high, but considering the
large displacement experienced by the laminate, this may be considered sensible. The
compressive stress seen in the region adjacent to the bondline can also be considered as
such at -329MPa. This stress is located in the knife edge of the uppermost 0° ply of the
repair patch. This high compressive stress can be explained by the fact that the repair
patch tries to remain fairly rigid as the surrounding laminate distorts around it. This causes

the patch to experience an increased compressive strain and stress.

It should be noted that these high stresses are not present in the bondline and that the
relatively low strains and stresses seen in this region are expected to be within the
capabilities of the adhesive. Figure 14-63 shows the x strains seen in the bondline and
Figure 14-64 shows the stresses. It can be easily seen that there is a qualitative similarity
between both fringe plots. The values measured progress from a low positive value in the
central, flat region of the repair, to an increased negative value near the termination of the

repair patch, suggesting compressive loading in the bondline.
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The zx shear components of the bondline appear to behave in a similar fashion previously
seen in other loading configurations. In fact there are qualitative similarities in the outer
half of the bondline fringe plot seen here and the unidirectional laminate analysed in
Section 14.2. Again, the peak in strain and stress are seen in the transfer region between
the uppermost 0° plies, however in this configuration this is a compressive zx shear

component.

MSC.Patran 2005 23-0 h -12 12:59:46
Deform: Load Case 1, Static Subcase, Displacements, Translational,. (NON-LAYERED)

51401

default_Deformation:
Max 3.51+01 @Nd 1177327

Fgure 14-59: Resultant distortion of a twist loaded repair

MSC.Patran 2005 23-Oct-12 13:02:26
Fringe: Load Case 1, Static Subcase. Displacements, Translational, Z Component, (NON-LAYERED)
Deform: Load Case 1, Static Subcase, Displacements, Translational,,(NON-LAYERED) 3.27+01

3.50+01

3.04+01
2.80+01
257+01__|
2.34+01
2.10+01
0401 7401
1.63+01
1.40+01
1.47+01
9.34+00
7.01+00

4.67+00

default_Fringe :

Max 3.50+01 @Nd 1177327
Min 0. @Nd 1178538
default_Deformation:
Max 3.51+01 @Nd 1177327

Figure 14-60: Fringe plot of the z axis distortion of a twist loaded repaired plate
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MSC.Patran 2005 23-Oct-12 13:18:43 2g7_03
Fringe: Load Case 1, Static Subcase, Strain Tensor,, X Component, (NON-LAYERED)
2.41-031

1.95-03 |
1.49-031
1.03-03
5.76-04
® 14704
-3.41-04
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-3.55-03

-4.01-03
default_Fringe :
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Min-4.01-03 @EIm 545377.1

Fgure 14-61: x strain of a twist loaded repaired plate

MSC.Patran 2005 23-Oct-12 13:19:45 1.84+02
Fringe: Load Case 1.Static Subcase, Stress Tensor,, X Component, (NON-LAYERED)
1.50+02
1.16+02
8.14+01
4.72+01
1.30+01
02 -2.12+01
-5.54+01
-8.96+01
A 02
-1.24+02
-1.58+02
-1.92+02
-2.26+02
-2.60+02

-2.95+02

-3.29+02
default_Fringe:
Max 1.84+02 @EIm 882348,3
Min -3.29+02 @EIm 753046.2

Fgure 14-62: x stress of a twist loaded repaired plate
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MSC.Patran 2005 23-Oct-12 13:24:42
Fringe: Load Case 1 Static Subcase, Strain Tensor, ,X Component. (NON-LAYERED)

-348-03|__
default_Fringe :
Max 8.30-05 @EIm 51287.7
Min-3.48-03@EIm 523853

Figure 14-63: x strain of the bondline in a twist loaded repair

MSC.Patran 2005 23-Oct-12 1335:50
Fringe: Load Case 1. Static Subcase, Stress Tensor., X Component. (NON-LAYERED)

- 122+00
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-2.64+00
-3.34+00
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default_Fringe ;
Max 196-01 @EIm 101416.8
Min-1.04+01 @EIm 52385.2

Fgure 14-64: x stress of the bondline in a twist loaded repair
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MSC.Patran 2005 23-Oct-12 13:57:19
Fringe Load Case 1. Static Subcase. Strain Tensor,., (NON-LAYERED)
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Rgure 14-65: zx strain of the bondline in a twist loaded repair

MSC.Patran 2005 23-Oct-12 13:51:10 6.71 40<
Fringe. Load Case 1. Static Subcase, Stress Tensor,, ZX Component, (NON-LAYERED) H

6.23+001
5.75+00
5.28
4.80+00
4.32+00
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3.36+00
283
2.40+00
1.92+00
144+001
9.65-01
4.86-01
7.60-031

-4.71-01|__
default_Fringe :
Max 6.71 +00 @EIm 50818 1
Min -4.71-01 @EIm 101291 5

Figure 14-66: zx stress of the bondline in a twist loaded repair
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It was assumed that the xy shear components would not have been affected by this loading
configuration, however to ensure that this is the case a brief analysis of these components
was conducted. The xy shear strain and stress of the total repair are shown in Figure 14-67
and Figure 14-68 respectively. The levels of strain measured in this component are
relatively reduced from those found in the x component. This is as expected due to there

being very little activity in the xy direction. A similar conclusion can be gathered from the

xy shear stress.

MSC.Patran 2005 23- Oct-12 13:12:52 1.94-03 I
Fringe: Load Case 1, Static Subcase. Strain Tensor. ,, (NON-LAYERED)
168-03
1.42-03
1.16-03
9.05-04
646-04
03
3.88-04
1.29-04
-1.29-04
-3.88-04
-6.46-04
-905-04
-1.16-03
-1.42-031

- 168-0:

-1.94-031
default_Fringe:
Max 194-03 @EIm 914956.7
Min - 1.94-03 @EIm 874336.3

Rgure 14-67: xy shear strain of a twist loaded repaired plate
The conclusion that can be gathered from this loading configuration therefore is that, due
to the relatively weak stiffness of the composite material in the through thickness z
direction, the sensitivity of the laminate to a twist in this direction is fairly high. However,
despite the high deflection and x components seen in the laminate, the bondline does not
experience excessive strain and stress. It does however experience a compressive regime
as opposed to tensile as seen in previous loading configurations. It must also be noted that
the parent laminates dimensions may have affected the results and that if a larger or

thicker laminate were used, the effect of twist loading will likely be different.
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MSC.Patran 2005 23- Oct-12 13:15:59 1014024
Fringe: Load Case 1, Static Subcase, Stress Tensor,, XY Component, (NON-L AYERED)

8.76+01

7.41+01

6.06+01

4.72+01

3.37+01

2.02+01

6.74+00

-6,73+001

-2.02+01

-3.37+01

-4.72+01

-6.06+01

-7.41+01

-8.76+01

-101+02
default_Fringe :
Max 1.01+02 @EIm 914955,7
Min-1 01+02 @EIm 874325.3

Figure 14-68: xy shear stress of a twist loaded repaired plate
14.3.4 Pressure Loading

The final loading configuration analysed in this section is the application of a very basic
pressure load to the repaired laminate. This model would be subjected to a small point
load on the unconstrained corner in the z direction. As a result of this it may be possible to
bend the laminate inwards or outwards to represent negative or positive pressure behind
the repair respectively. This has not been investigated in current literature and can be

considered an unusual or abnormal load configuration.

The point load applied to the parent laminate was drastically reduced from the 25kN load
used in previous 3D models to 0.25kN due to its concentrated nature. The loading and

boundary conditions used in this configuration can be seen in Figure 14-69:
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0.25kN
(in the z direction)

x=0,Rz=0

Rx=0, Ry=0, Rz=0 y=0. Rz=0

Fgure 14-69: Boundary conditions used for the 3D pressure models with loading in the negative pressure
direction.
where x = 0,y = 0,z = 0, denote no displacement in the x,y and z directions respectively
and Rx = 0,Ry = 0,Rz = 0 represent no rotation around the x,y and z directions
respectively. This investigation can be divided into two different sub-configurations,
namely negative and positive pressure. These refer to the direction of the loading in the z

direction and despite being relatively similar, may give substantially different results.

14.3.4.1 Positive Pressure

The application of the 0.25kN load in the negative z direction to the unconstrained corner
of the parent laminate predictably bends this corner in that direction. The magnitude of

the distortion however, is greater than expected at -9.43mm in the z direction.

This magnitude of distortion may be due to the inherently weak through thickness
properties of the composite material and the concentrated nature of the load. Ideally, this
would be spread more evenly about the laminate, however analysing using a point load

allows a 'worst case' scenario to be analysed.

Only the zx strain/stress component was relevant to this loading configuration and as a
result, the analysis was limited to this. Upon investigating the results it was found that the
components of the repair as a whole remain relatively constant throughout, with little to no
variation and is shown in Figure 14-72 and Figure 14-73. Analysis of the bondline however

revealed that some variation did exist. As in the previous 3D models, the zx strains and
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stresses in the bondline seen in Figure 14-74 and Figure 14-75 respectively, are qualitatively
similar. Variations in the strain/stress value can be seen in the regions of the scarf base, the
0° plies and at the tip of the repair patch, but these are not dramatic and are indeed

expected due to the geometry or localised variation of stiffness.

MSC.Patran 2005 IS -0 ct-12 09:17:56
Deform' Load Case 1, Static Subcase. Displacements, Translational,. (NON-LAYERED)

default_Deformation:
Max 9.43+00 @Nd 17112

Fgure 14-70: Resultant displacement of a positive pressure load on the repair

MSC.Patran 2005 15-O ct-1209:21:20
Fringe Load Case 1. Static Subcase, Displacements Translational Z Component, (NON-LAYERED)
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Fgure 14-71: Fringe plot of the displacement of the repair in the z direction
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Figure 14-72: zx shear strain of the positive pressure loaded repair
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Figure 14-73: zx shear stress of the positive pressure loaded repair
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FAgure 14-74: zx shear strain in the bondline of a positive pressure loaded repair
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Rgure 14-75: zx shear stress in the bondline of a positive pressure loaded repair
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14.3.4.2 Negative Pressure

A similar investigation was carried out on the repair to model a negative pressure behind
the repair patch. This was done by simply applying the load in the opposite direction. In

this case, the positive z direction.

Despite being loaded in the opposite direction, very similar strains and stresses can be seen
in the results of this loading configuration as in the positive pressure. Indeed, analysing
Figure 14-76 to Figure 14-81 shows that the contours found in these results are almost
perfectly inverted to those seen in 14.3.4.1. This is undoubtedly due to the loading being
inverted. As a result, the conclusions gathered from applying a negative pressure to the
repair can be considered the same as those when applying a positive press to the repair,

described in 14.3.4.1.

MSC Patron 300515-Oct-12 08:45:00
Deform: Load Case 1. Static Subcase. Displacements. Translational.. (NON-LAYERED)

default_Deformaiion:
Max 9.50+00 @Nd 17112

Figure 14-76: Resultant displacement of a positive twist load to the repair

14.4 Summary

An analysis of 3D repairs was conducted in this chapter. This allowed a more detailed
insight into the behaviour of repairs in realistic composite structures. An initial analysis was
conducted on an unrepaired laminate with damage removed. It was found that the
removal of the material severely impacted the behaviour of laminate and increased the

stresses in the damage region.
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Figure 14-77: Fringe plot of the displacement of the repair in the z direction
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Fgure 14-78: zx shear strain of a positive twist loaded repair
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Figure 14-79: zx shear stress of a positive twist loaded repair
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Fgure 14-80: zx shear strain in the bondline of a positive twist loaded repair
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Rgure 14-81: zx shear stress in the bondline of a positive twist loaded repair
Applying a repair patch however dramatically improved performance. The repair patch was
seen to stabilise the strains in the repair region, giving a near constant value throughout the
parent laminate and repair. The stresses were also seen to benefit from the application of
the repair patch by being reduced and more evenly distributed. A brief comparison was
made between the 3D repair and an equivalent partial depth repair coupon and it was
found that the bondline zx stresses in the repair were reduced, suggesting that a degree of

load bypass took place.

A comparative study was also carried out on the effectiveness of SCRAM predictions, which
are described in Chapter 11, on the 3D repair geometry. It was found that despite being
based on test coupon geometries, the SCRAM was equally effective in predicting the

behaviour of peak shear stress in 3D repairs as in partial depth coupon geometries.

Results of Photo Elastic analysis depicting the tensile x strain of a mechanically tested
repair were also compared to their Finite Element counterparts. The qualitative similarities
between Figure 14-31 and Figure 14-32 are clearly visible and the positive correlation seen
here may not offer full model validation, but does offer positive signs that the model does

indeed work.
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Alternative loading scenarios were then analysed, including: bi-axial loading; shear loading;
twist loading and very simple pressure loading. It was found in every situation, despite the
load being applied to the models varying to better represent a realistic situation, the repair

patch behaved in a similar way to the parent laminate.

This chapter described the final numerical study carried out in this body of work, the
conclusions of which will now be gathered, along with previous chapters and summarised.
The next chapter will also discuss the achievements of this work, the key conclusions and

offer suggestions for future studies.
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15. CONCLUSIONS

This body of work has sought to study the design and analysis of bonded repair solutions
for primary aircraft structures. This was done via an extensive literature review, numerical
modelling via Finite Element Analysis, the derivation and proposal of stress methods and by

comparing numerical results with analytical predictions and mechanical test results.

This chapter seeks to summarise the findings, outline the achievements and key
conclusions gathered and suggest topics of future study that may be advantageous with

regards to bonded repair.

15.1 Discussion

During the course of this work an in-depth literature study was conducted analysing an
array of subjects relevant to bonded repair. The first subject investigated was aircraft
damage, which analysed various damage scenarios, from both in-service life and from
manufacturing. It was found that damage was most likely to occur during in-service ground

operations when activity around the aircraft is fairly intense.

An analysis of various repair types was also carried out, investigating bolted, hybrid, resin
and bonded repairs. Each had their own advantages and disadvantages, with bonded
repairs showing significant benefits, such as reduced weight, resistance to corrosion and
increased resistivity of fatigue. However, despite this and the increasing interest that they
have gained, the likelihood of applying them to current aircraft is slim. Significant work will
be required to bring these repair configurations to maturity and allow their certification. As

a result bolted repairs will remain the status quo for the foreseeable future.

The issues surrounding bonded repairs and considerations that should be made during their
design and manufacture use were also studied. These included: certification; moisture;
lightning strike; ensuring bondline integrity; the interaction of adjacent repairs and the

training of technicians and operators carrying out these repairs.

It was noted during the course of this work that the bonded scarf repair configuration was
considered the best bonded repair method, due to superior load transfer and that a pre-
cured and machined repair patch offered the best results. Using this configuration allowed

a high quality repair patch to be manufactured and the integrity of the repair can be
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scrutinised prior to bonding. Current analytical methods used to study scarf repairs were
identified, with the Baker [74] analysis being of significant interest due to its simplicity.
Various factors that may affect the performance of a scarf repair were also discussed

including scarf angle and the use of overplies.

Various mathematical analysis methods were outlined, giving a basic introduction to the
Finite Element Method and Classical Laminate Theory. The First and Third Order Shear
Deformation Theories were also outlined along with the Layerwise theory. The Finite

Element Analysis of composites was also briefly explained.

Once these theories were outlined, they could be used in an initial numerical study that
independently confirmed the superior nature of the bonded scarf configuration. A
convergence study was conducted as part of this initial investigation and several

improvements were identified that were incorporated into later studies.

While these proposed improvements were explored, the BASS method was developed by
resolving the forces in an idealised scarf region, similar to Baker [74]. Several modifications
were made to this baseline analysis, for example an accounting for the varying stiffness of
each ply in the laminate. Bolts and hybrid joints were also considered, as was the trimming

of plies.

An in-depth numerical analysis of scarf joints was then conducted, focussing on the shear
stresses seen in the bondline. Investigations into ply trimming found that that the effects
were limited to the location of the trimmed edge. Applying a normal offset to the
adherends was also found to give significant benefits to the load distribution. Comparison
of these numerical models to analytical BASS predictions and mechanical test results
revealed that a positive correlation existed between the numerical models and the Evenly
Distributed Load or Mean. However, it was the Peak BASS method that correlated more

favourably with the mechanical test results.

The natural advancement from analysing the full depth scarf joints was to fully investigate
partial depth scarf repairs. This investigation analysed unrepaired and repaired laminates
to assess the effectiveness of the pre-cured scarf patch configuration. It was found that,
not only did the repair benefit the performance of the laminate, but also allowed load to be
transferred effectively. An in-depth sensitivity study was also carried out to investigate

possible factors that may affect the repair.
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While the BASS methods were able to predict the behaviour of scarf joints, they may not be
adequate for partial depth repairs. As a result, the SCRAM equations were derived using
orthogonal arrays and linear graph analysis. Good correlation was found between the
Evenly Distributed Load SCRAM analysis and the numerically modelled mean. However, as
in the BASS equations, it was the peak SCRAM analysis that more accurately predicted the
failure load of the 8m thick, quasi-isotropic mechanical test pieces. It was noted however
that an additional factor or factors may be required to account for varying laminate

thickness and layup. Additional work would be required to find these.

It was suggested that an additional factor may have to account for manufacturing
inaccuracies. As a result, inaccurate application of the repair patch was modelled and it
was found that although a reasonable impact was seen in the bondline shear stress, the
natural geometric constraints of the scarf cutout limited these inaccuracies and as a result,
their effect. Extra considerations such as machining and the effect of improper adhesive

cure were also investigated.

Current repair methods apply overplies to the repair patch in order to protect the delicate
scarf patch tips. These were again numerically investigated and found to offer certain
structural benefits to the repair. The existing co-bonded concept was then modified to
incorporate pre-cured overplies in the repair patch. Several overply tip geometries were
investigated and it was found that applying a tapered tip with an adhesive overspew region
would offer the best shear stress profile in the bondline. Novel concepts investigating the
variation of scarf angle relative to ply orientation, or location in the x axis gave the Multi-
Angle and S-Bend concepts respectively. These were found to significantly reduce the area
of the scarf repair; however significant stresses were seen in regions with increased scarf
angles. It was concluded that reducing the scarf angles in certain regions would

significantly improve the performance of these concepts.

Finally, numerical models of 3D repaired laminates were created. It was found that the
application of a repair patch to a more representative structure significantly improved its
performance. Comparisons were made to photo elastic results and to analytical SCRAM
predictions with positive conclusions being gathered in both situations. The 3D numerical
model was then subjected to several different loading scenarios to ascertain their

behaviour. The conclusion of this analysis also coincided with the conclusion of this work.
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15.2 Achievements

An in-depth literature review was conducted as part of this work, looking into the repair
technologies currently being used on composite laminates. This covered several subjects
including likely damage scenarios in which a repair may have to be used, repair designs,
stress methods and the issues surrounding the use of bonded repairs. This gave an in-

depth understanding of bonded repairs which was invaluable as the work progressed.

A convergence study was carried out on a novel pseudo-3D layerwise FEA model. This
method of modelling composite joints or repairs has not been encountered in any literature
read and gave detailed insight into the transfer of load from one adherend, through the
bondline, to the other. This modelling method was then used further on full depth joints

and partial depth repairs.

The study into full depth joints revealed several aspects of their behaviour, including the
effects of adherend offset and tip geometry. This then advanced onto partial depth repairs
to further investigate their behaviour. Analytical methods were derived and found to have
good correlation with the results gained from Finite Element Analysis and associated
mechanical testing. This analysis method is simpler than many of the theories referenced in
literature and only requires readily available geometrical and material data to apply
components to the basic scarf equation. Despite its relative simplicity, the correlation
between the analytical predictions and the mechanical test results is good for the quasi-
isotropic laminates. This was unfortunately not the case for the more directional layups;
however certain factors were identified for future study that may improve the analysis for

directional laminates.

The analysis into the manufacturing errors that can be applied to a pre-cured patch repair
was conducted as no similar studies were found. It was discovered that the damage region
cutout limited the degree of inaccuracy that could be applied to the pre-cured repair patch.
This in turn limited the amount by which the stress in the bondline varied. This study
highlighted the robustness of the pre-cured patch repair process and when compared with

the possible misapplications of a bolted or co-cured repair, clear advantages can be seen.

Novel scarf repair designs were also investigated and involved the variation of the cross
sectional geometry by applying covering plies and varying the scarf angle. These relatively

minor design changes imparted major variations to the behaviour of the stresses in the
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bondline. With further work, these concepts could be utilised to improve the performance

of a repair or drastically reduce its effective size.

A natural advantage of the pseudo-3D layerwise model would be to make a fully 3D
simulation of the repair. This was carried out and the strains simulated in the model
correlated well with those measured via photo elastic analysis of the mechanical test
specimen. This positive correlation allowed this modelling method to be used to analyse

other loading conditions and improve the understanding of the repairs behaviour.

During the course of this work Technology Readiness Levels (TRL) reviews were conducted
to monitor, guide and assess the development of the technology. These reviews were
conducted by a panel of industry experts in their respective fields who interrogated every
part of the process thoroughly. This project started out on Level 2, which signifies very
early, blue sky research, looking at very basic concepts and speculative uses, but advanced
on to Level 4.5. This level represents an advanced or mature concept that has been

validated both in laboratory environments and in its relevant environment.

As a result, it can be said that the original objectives set in Section 1.2 of this work, have
been achieved and that several positive conclusions can be gathered from the results of this

work.

15.3 Key Conclusions

During the course of this work, an in-depth study into the analysis of bonded scarf repairs

for composite laminates was conducted and several conclusions gathered.

It was found that, of the bonded repair configurations identified, the scarf design would
give the best structural performance by allowing smoother load transition from parent
laminate to repair patch with the added benefit of being flush to the outer surface of the
parent laminate. However, by slightly sacrificing the flush surface finish of the repair and

applying a small offset to the repair patch an improvement in load transfer can be achieved.

A policy of trimming adherends to counter feathering should be applied to all joints and
repair patches and any gaps filled with adhesive. The effect of this trimming is fairly

minimal and localised, meaning that it will not greatly affect the performance of the repair.

Studies into the effect of scarf angle variation showed that improved performance was

achieved through using shallower scarf angles. However, this improvement was not as
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pronounced once the angle went below 3°. This was due to the failure mode shifting from
a cohesive failure to an inter/intralaminar failure mode. This was not accounted for in the
scarf analysis described in this work and resulted in a loss of correlation between analytical

and experimental results at these lower angles.

Despite this loss of correlation at angles less than 3°, the peak BASS method does offer a
viable method of analysing scarf joints at angles of 3° or more. From this positive
correlation, certain Bypass factors were applied to the BASS equations to account for partial
depth repairs. This resulted in the SCRAM series of equations. Again, a positive correlation
was found, however this was limited to the 8mm thick quasi-isotropic laminates. Despite
this correlation being lost when more directional layups were used, additional components

were identified that could drastically improve this.

It was found that the effect of applying realistic manufacturing errors to a partial depth
repair had little effect on its performance. This may be attributable to the fact that the
cutout made during the removal of the damage constrains the amount of movement that
the patch can achieve. In this study it was only possible for the patch to move by 2.5mm
longitudinally and tilt by 0.075°. While these errors were small it was found that the
sensitivity of the patch to longitudinal shifting was small, while its sensitivity to tilting was
high, but thankfully limited by the geometrical constraints of the cutout. Rotating the patch
around its centre point by 5° also showed little variation from the Index. These results

suggest that the bonded repair concept is fairly robust to realistic handling errors.

These handling errors, especially the patch tilt, could be mitigated through the application
of incorporated overplies. These offered significant benefits to the repair, especially at the
termination of the adhesive bondline. However, even if these overplies were applied via

the current co-bonded method, advantages can be seen when compared with the Index.

It was also discovered that the use of fully 3D layerwise modelling methods can be
successfully used to model similar 3D repairs. The created model had excellent qualitative
correlation with photo elastic analysis of a mechanically tested specimen. This work is
however far from complete and during the course of the studies conducted, topics for

future study were identified.
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15.4 Future Work

From the conclusions gathered as part of this work, a list of further studies has been

proposed:

Incorporating failure criteria into the BASS and SCRAM analyses;
Investigate the optimisation of bonded repairs. Possible subjects can include:

o Scarf angle;

o Cross-sectional;

o Topographic;

o Layup;

o Combining all of the above to promote better load transfer.
Further investigation of the SCRAM's missing 'Factor X' to account for layup and
varying parent laminate depth;
Investigate the application of additional factors to the analytical methods which
could account for environmental factors such as moisture ingress and possibly
manufacturing errors;
The effect of surface orientation on the repair patch and bondline, as described in
Section 12.1.3;
Further investigate the Multi-Angle repair concept to reduce the overall size of
repairs;
Modelling repairs on more representative structures, for example: applying a repair
to a wingbox or a highly curved structure such as a fuselage;
The advancement of the modelling method to account for non-linear effects, such

as plasticity of the bondline.
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16. APPENDICES

16.1 Damage Classification

Damage categorisation is generally based on the influence that the repair has on the
aircraft airworthiness. Armstrong et al. [1]states that the most commonly utilised method
in commercial aviation is to classify damage as either Major or Minor. The decision on
determining which of these is applicable usually resides with the aircraft's operator [1].
This does introduce some industrial inconsistencies, however a growing consensus is to
consider damage to a Principal Structural Element (PSE) as a major repair [1]. These are
described in the manufacturers Structural Repair Manuals (SRM’s) and are usually
structures that carry significant flight, ground and/or pressure loads, the failure of which
could lead to a catastrophic failure of the aircraft [1]. These are also known as Primary

Structures.

An alternative approach to classifying damage, one that is more popular with
manufacturers than operators, is to classify the damage by its severity and the effect of the
damage on the structure to sustain Limit or Ultimate Load [1]. Using this system, aircraft

damage can be categorized into one of three categories:

e Category 1: The aircraft or component is able to sustain Ultimate Load (UL)
without a repair [1]. Any repairs done are for aerodynamic purposes, to prevent or
limit environmental degradation, to improve durability and/or for aesthetic
purposes [1]. This category is usually given to non structural components or to
those experiencing damage below the Barely Visible Impact Damage (BVID)
threshold design criteria [1]. Damage that is smaller than BVID is often difficult to
identify without the use of Non Destructive Testing (NDT) [1].

e Category 2: The structure can sustain Limit Load (LL) without repair, but not
Ultimate Load (UL) [1]. This is usually greater than BVID and can often be found by
field inspection techniques [1]. The repairs that are applied to Category 2 damage
are to restore the UL capability of the structure [1]. This type of repair has an
increased level of importance over Category 1 and as a result, the detail required in
the work instructions, the operators training and the post repair inspection must be

ensured to be high [1].
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e (Category 3: The structure is seriously damaged and cannot sustain LL or UL
without repair [1]. This type of repair requires knowledge of the original
certification requirements and the design is usually accomplished or approved by
the original aircraft manufacturer [1]. This category of repair is treated with the
same level of attention and complexity as a new certification and could require

testing to ensure that the repair is acceptable [1).

16.2 Constants and Coefficients used in

Section 5.2

The following constants and coefficients are used in conjunction with the work described in
[89] analysis described in Section 5.2:
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16.3 The Finite Element Method

Among engineers, Finite Element Analysis, or FEA, is well known and understood. The
subject was pioneered by Professor O. C. Zienkiewicz, whose texts on the subject remain a
standard reference on the subject today [108]. FEA has been used extensively for a number
of years and numerous journal articles and textbooks have been written on the subject
[109]. This method can be used successfully on simple 1D beams, to complex 3D problems.
Field problems, such as heat conduction and flow, Eigenvalue problems, such as vibration
and stability and Non Linear problems such as plasticity, creep and large deformations can

also be solved using the Finite Element Method [108].

The Finite Element Method (FEM) is a technique for solving partial differential equations by
discretising these equations in spacial dimensions [109]. This discretisation is carried out
over small regions of simple shapes, or finite elements, which results in matrix equations.
These matrices relate to the input at specified points in the elements, or nodes, to the

output.

The idea of finite elements is to break a complex domain into a large number of small
elements with known behaviour in discrete points common to adjoining elements [109].
The solution is then expressed in terms of a finite number of variables shared by adjoining

elements [109].
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When considering the axial deformation of a simple 1D bar system, shown in Figure 16-1,

the Ordinary Differential Equation, ODE, can be written as:

bt (EA—)— = <x<ILL E tion 16-1
— =0: 0 uation 16-
] 1 f ; SX s q

where E and A are Young’s Modulus and cross sectional area of the bar respectively, f is

the distributed force and uis the displacement [94].

(a)

Figure 16-1: {a) Physical and (b) Mathematical (idealisation) models [94]

For the 1D bar being analysed here, which occupies the domain [0, L] along the real axis x,
the boundary conditions can be described as:

du u(0)=0
[(EA _)] =P Equation 16-2
dx/ly=p

The next step is discretisation, where the domain is divided into discrete elements, which is

shown in Figure 16-2.

From discretisation, element equations can then be created by integrating the ODE and
multiplying by a weight function, in this case v [94].
0 fxB d(EAdu) f]d Equation 16-3
= v)|l— _—] = X uation -,
A dx dx |
The weight function v(x) is usually equal to the primary variable u(x). The weak form
solution, given by u(x) in Equation 16-3 does not have to satisfy the ODE for all the values

of x in [0, L], it only has to satisfy the ODE in a weighted average. As a result, as one would

expect, it is easier to find a weak solution than a strong, or exact solution [94].
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Figure 16-2: Discretisation into elements [94]

integrating Equation 16-3 by parts again gives:
xB

*B  dvdu xB du _
0= J EA——dx - J. vfdx — [v (EA —)] Equation 16-4
xA dx dx xA dx xA

At this point boundary conditions should be applied. It can be seen that specifying: v(x) at
x4 and xp is an essential boundary condition and that the (EA -Z—:) term should also be

applied at either end as it is a natural boundary condition [94]. As mentioned previously,

the displacement u(x), is the primary variable, however, the secondary variable can be
seen to be (EA %) = EAe, = Aag,. From this, a governing equation can be found by

allowing:

u(xy) = uf
u(xg) = u3

Equation 16-5

which will give:
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*B dv du
0= f (EA— —- vf) dx — PEv(x,) — PEv(xg)
XA

Equation 16-6
0=B(v,u)—Ilw)

where

*8  dv du
B(u,v) = f EA— —dx
A x dx

Equation 16-7

l(v) = vfdx + P{v(x,) + P§v(xg)

The unknown primary variable u(x) can then be approximated over an element as a linear

combination of interpolation, or shape functions and unknown coefficients to be found.
Examples of shape functions are 1 —% and ?, denoted by Nf(x) and a}‘-" represents the
nodes displacements. This then gives:

n

Ue(x) = Z af Ni (%) Equation 16-8
j=1
An approximation function, such as the Ritz method [94], which is explained in detail in
Reddy [95], can be used on the weight function v(x). In this case it would give v(x) =
N{ (x) which, when substituted into the governing equation and satisfactory interpolation

functions have been used; can be written in matrix form as:
[Ke]{u®} = {F¢} Equation 16-9

with [K¢] being the stiffness matrix of element e, {u¢} being the nodal displacements and

{F€} the element force vector [94].

For a two node bar element, as shown in Figure 16-2, the cross sectional area 4., element
length h, and Young’s modulus E are constant and can express the tensile-compression

stiffness of the element as:

ke = .
- Equation 16-10
he
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The external loads must also be considered. By looking at the bar element in Figure 16-2, it
can be seen that these are the distributed force f, and the forces at nodes number 1 and 2
or P{ and Py [94]. By combining these values with a linear interpolation function, the

element stiffness matrix and the element force vector, [K¢] and {F€} can be expressed as:

ke —k‘*] _ EAe[ 1 —1]
-1

el —
K= ge e ke 1

Equation 16-11

7y =L 1)+ )

By assembling the element equations and applying the boundary conditions, a solution can
then be found and the displacements inside the element calculated. From these
displacements, the strains can also be calculated by acknowledging that:

du

&= dx

Equation 16-12

and stresses can then be calculated directly by using Hooke's Law [94].

This basic introduction to 1D Finite Element Analysis can be advanced onto more complex

2D and 3D problems if required.

16.4 Failure Criteria

Despite their increasing use, composite designers have yet to develop a tool that would
allow the prediction of failure load and mode [5]. Some theories have been proposed, but
none are suited for practical engineering purposes. Currently, ply based failure theories are

used, which gives the failure in any one ply of a laminate as:

< No failure
f(01.0'2, 03,723, T13T12.F1, F, ) = Failure limit
> Failure
where gy, ..., T;; are the ply stresses and Fy, F, ... are the strength parameters. This failure

criterion is expressed in every ply and failure is considered to have occurred when the first

ply fails [5].
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From this concept, a number of failure criteria have been proposed. These failure criteria
can offer sufficiently accurate results for many, but not all problems and they do have

several shortcomings.

16.4.1 Maximumm Stress Criterion

Orthotropic and transversely isotropic materials under plane stress conditions can

frequently be analysed using a maximum stress criterion. Applying this criterion requires

the use of the x4, x, and x5 coordinate system, aligned with the direction of orthotropy.
ar, ar, —H o

j 240

R S

Figure 16-3: Fibre Reinforced Orthotropic Materials
Fibres are orientated in 3 mutually perpendicular directions on the left figure. The right hand figure shows

that fibres are distributed equally in the +8 and - 8 directions in planes parallel to the x,-x, plane [5]

The normal stresses in the x4, X, and x5 direction and the shear stresses in the x1-x;, x3-x4
and x,-x; planes are compared with the corresponding strengths. If none of the stresses

exceeds the strengths, then failure does not occur [5].

For an orthotropic material, failure does not occur when all of the following conditions are

met:

—S1 <01 <ST  |t23l < Sz3
-S; <0, <SF |T13] < S13 Equation 16-13
~S3 <03 <57 T2l < S12

where § is the strength of the material.

Similar conditions must be met by transversely isotropic materials for no failure to occur.
These are:
-S{ <o, <S¢ -5 <0, <S8 |t12] < S12 Equation 16-14

In order to understand these conditions, the non-interaction strengths must be explained

[5].
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The non-interaction strength parameters are denoted by Fy, F,, F3, F11, Fa3, F33, F44, Fs5
and Fgz¢. They are obtained via testing in uniaxial tension and compression, which give the
+ or — subscripts respectively and from shear tests in the x; orthotropic direction. At

failure, the stresses are:

of =5t of = -5t
The stresses then give:
F,ST + F11(S1+)2 =1 —-FS+ F11(5f)2 =1
which give:
F, = i+ ——1: Fi, = % Equation 16-15
Sl Sl Sl Sl

The remaining parameters are found using similar methods and are given here:

po Ll 1 PN ho 1 1
TS s; 227 sksy; 3T sH oss
; 1 ; 1 s 1
= — = — = Equation 16-16
B85S T (522 57 (S19)?
poo 1
T (5127

The tests to determine S. can be seen in Figure 16-3.

F,4 is found when the material is subject to shear 1,3 in the x,-x3 orthotropy plane. As a
result of material symmetry, the failure stress is independent of shear stress direction and

at failure:
T{g = 553 (= 5;3 = 533)

thereby giving

1

Fop = —=
7T (Sy3)2

Equation 16-17

The parameters F55 and Fgg are found using similar methods [5].
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Figure 16-4: The tests to determine the strengths of orthotropic materials [5]

Under plane stress conditions, the stress ratio R can also be found. It requires that o3, T3

and 43 in the x;-x, plane be set to 0. By doing so, we are then able to find the parameters

a and b:

Table 16-1: The stress ratio R under plane-stress condition [5]

Orthotropic or
Fi10f + F30% + Fge1%, + 2F15010,
Transversely Isotropic

Isotropic Fi1(of + 62) + 2(Fy — F12)Tt%, + 2F,0,0,

These values can then be input into the equation:

—b+Vb? +4a

k= 2a

F101 + an'z

Fi(oy + 03)

Equation 16-18

and if the solution to Equation 16-18 is greater than 1, then no failure occurs. Likewise, if

the solution is less than or equal to 1, failure will be predicted to occur:

R >1 NoFailure

R <1 Failure
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16.4.2 Maximum Strain Criterion

As with the max stress criterion, a maximum strain criterion can be used. Again, the use of
the x4, x5 and x; coordinate system, aligned with the direction of orthotropy is required.
The normal strains in the x4, x, and x5 direction and the shear strains in the x;-x,, x3-x;
and x,-x3; planes are compared with their corresponding maximum strains. As in the

maximum stress criteria, if the strains do not exceed the allowable, failure does not occur

[5].

For orthotropic materials, failure will not occur if all of these conditions are met:

-1 < &< ny V23l < 133
-n; < &< N3 lv13l < 013
-3 < &< N3 V12l < 112

Also, for transversely isotropic materials, the required conditions for no failure to occur are:

< e<n -n<e&e<n Y121 < 07,

Where 1; denotes the allowable tensile and compressive strains in the x; direction and 7;;

denotes the allowable shear strain in the x;-x; direction [5].

16.4.3 Tsai-Wu Failure Criterion

Several commercial FEA packages use the Failure index notation [94], which is defined as:

stress
Ir= —— Equation 16-19
F strength

Similar to the stress ratio, R, failure is predicted when Iz > 1. The inverse of the failure

index gives the strength ratio, R.

1  strength
R=——= ————— Equation 16-20
Ip stress

Failure is predicted if R < 1 [94].

The Tsai-Wu, criteria uses this function and is defined as:
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1
I = — = Equation 16-21
F™R
where:
2 2 2 2 2 2
of 05 03 oy 05 0¢ 0,03
A= + + t S+ttt ———mxe
FitFic  FyFpe F3¢F3c FE F2 F¢ Vot FacFaeFae
0103 0,0,

+C5

+ ¢cq
\/FuFquthc \/FltFlcFZtFZC

B = (Fi;' — Fi)oy + (F3* — F3)oy + (Fi' — F3t)os

Where c; are the Tsai-Wu coupling coefficients, which by default are taken to be equal to -1

[94].

The through thickness strength values F3; and F3. are not usually supplied and as a result,
the in plane transverse strength values are used. It is also commonly assumed that the
interlaminar strength, Fs, is equal to the in plane shear strength. The shear strength of the

matrix can also be used to estimate the interlaminar strength, F, [94].

16.4.4 Hill-Tsai Failure Criterion

According to the work described in [110], the Hill-Tsai criterion is the most frequently used
failure criterion. This criterion can be applied successfully to each ply of the laminate and

for each of the orientations that have been considered.

In its most general form, the Hill-Tsai criterion defines failure as [72]:

2 2 2
a1 0103 gy T12

(T) -——+ (T +(—] =21 Equation 16-22
01 01 02 T12

but, because it is so small, the second term is usually neglected, thereby simplifying the

failure criterion to [72]:

2 2 2
a- O- T
(71) + (_A_2_> + (Alz) >1 Equation 16-23
01 ) T12

where the hat accent (A) denotes the respective rupture value of the variable considered.
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It should be noted that only one criterion needs to be satisfied, as a result, only one value is
obtained for the failure stress. Another shortcoming that this criterion suffers from is that
the mode of failure is not predicted. This has a significant effect on how we predict the
failure of laminates. For a unidirectional composite subjected to uni-axial stress, parallel to
a principal direction, the Tsai-Hill and Maximum Stress Criterion will give the same solution

for failure stress.

16.4.5  Tsai Quadratic Failure Criterion

The Tsai criterign y;es a 2D representation of a general quadratic criterion in stress space:
yTxTy
o? 2nyaxay ay + 5 al +[)1( ] [ ] =1
XX xxyy Yy X' Yy v
where X and X' are longitudinal tensile and compressive strengths respectively, Y and Y’,
the transverse tensile and compressive strengths respectively and S is the longitudinal

shear strength [111]. The normalised interaction term of a quadratic failure criterion Fy,, is

found to be:

and for closed failure envelopes:

~1<F, <1

In order to apply this as a failure criterion, either the strength ratio R, or a reciprocal failure
index can be used [111]. The strength ratio is based on proportional loading applied from
any state of stress and if the loading is from the origin of stress space, then R can easily be

found from Figure 6-7.

Oy
“ﬁl Tx
Strength/stress ratio R: 5_,,.;..:-#"" | + T"""n $
omex o Ra"”"‘". or I 2000
MY o R doplied oppried |

Figure 16-5: Strength ratio R as the scaling factor of a loading vector [111]
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By substituting the maximum stress components into the quadratic failure criterion, a
quadratic equation in strength ratio R is created and the value can easily be determined

[111].
By allowing o; to reach its maximum value when:
Fijoi|™%% | + Fyoy| ™o = 1

and substituting Ra;|2PPlied for g;|™ma*:

[Fijoi0;]R? + [Fio]R—1=0
solving this quadratic then gives:

aR?+bR—-1=0
~a = Fjjo;0; and b = Fio;

which gives:

1
P[]
B 2a) " |\2a a
This approach can be easily used due to the resulting strength ratio provides a linear scaling

factor, so if:

R = 1; failure occurs;

R = 2; the safety factor is 2,
1
~ load can be doubled or laminate can be reduced by 5

It should be noted however, that when using this failure criterion, the failure envelope
must be closed and convex to prevent infinite strength and so that unloading from a state

of stress will not lead to additional failures [111].

16.4.6 The World Wide Failure Exercise

This international exercise, which took place over 12 years, studied 19 different failure
theories regarding fibre reinforced composite laminates [112]. During this exercise, the
theories were compared with results taken from mechanical testing and assesses them

against a number of challenging criteria [112].
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On a lamina level, Tsai [111] was seen as, possibly, the best available failure theory, with
Cuntze [113] and Puck [114] also giving very good results [112]. However, a shortage of
good experimental data, as well as varying theories regarding residual thermal stresses and
in situ ply strengths causes some difficulties in predicting initial failure [112]. The Puck
[114] and Cuntze [113] theories captured more general features of the experimental results
than the other theories presented and the Puck [114], Cuntze [113], Zinoviev [115] and
Bogetti [116] did best overall together with Tsai [111], after making some improvements on

his post failure analysis [112].

16.5 Optimisation of Scarf Repairs

Optimisation has become a vital part of modern component design. This is especially true
in the aerospace sector where designers endeavour to reduce weight as much as possible,
whilst still retaining the strength and stiffness required. Computer models and FEA
optimisation algorithms have been used extensively already and successfully incorporated

into the design and manufacture of aircraft wings [117] and Formula 1 cars [118].

According to the work described in [90], current repair methodologies are based on
simplifying a 3D repair down to a 2D equivalent joint. A critical scarf angle is then
determined form this 2D analysis and applied in every direction of the repair [90]. Despite
making the analysis considerably easier, it does not allow a full representation of the shear

stresses along the entirety of the bondline and does not account for load bypass.

For quasi isotropic laminates that are capable of equal strength in any direction, the
resulting circular scarf produced by this Maximum Principal Stress method are appropriate
[90]. However, the majority of aircraft surfaces are composed of orthotropic laminates.
Using a constant scarf angle in these layups may be overly conservative. This is due to the
layup of these structures being tailored for stiffness and strength in a specific direction.
Using a circular repair will result in a great deal of healthy parent material being removed,
possibly weakening the component further. As a result, a variable scarf angle algorithm as
proposed in [90] would be extremely advantageous by offering considerable reductions in

repair size, as can be seen in Figure 16-6.
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Circular scarf repair

Initial damage

Circular scarf repair

Optimum ‘epair

Figure 16-6: Comparison of Standard Circular Scarf Geometries compared to Optimised Repair Geometries,
where the damage is perpendicular to (a) the minor stress and (b) the major stress [90]

The algorithm described in [90] optimises the scarf shape so that the average shear stress in
the adhesive remains constant. This is done by determining the optimal scarf angle a by
numerically solving:

Tmax = Equation 16-24

where

(Yut\ Equation 16-25

with y signifying the shear strain r the shear stress. The ult and Y subscripts denote

ultimate and yield points of the adhesive respectively. The variable g is given as:

9 = Equation 16-26
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Equation 16-25 signifies the average stress in the adhesive at the point when the maximum
shear strain reaches the ultimate shear strength of the adhesive [90] and Equation 16-26

describes the ratio of the average shear stress to the adhesives yield strength [90].

The resulting non linear differential equation has no explicit solution. However a,,: can be
solved by using an iterative procedure, which determines the shape of the cut out on two

surfaces: z = 0and z = ¢ for a damage described by D(8) as shown in Figure 16-7:

A

r—= — Equation 16-27

° tana,y(6) quation
=100+ —— Equation 16-28

t o( ) tan aopt(e) quation

where:
— 1 .

A= Eeen[h?zxn] D(6) tan a,,:(6) Equation 16-29

It should be noted that this would lead to a non-optimal scarf if this method was applied to

a circular cut out [90].

The authors of [90] continue by stating that the solution to Equation 16-24, a first order
derivative, can be approximated by the finite difference method. This replaces the
derivative da/d6 with Aa /A8 giving the non linear function for Aa as:

Tmax(@; + A, 6; + A0, Aa/AB) = 1 Equation 16-30

The solution of which can be found by employing the Newton-Rhapson method and shows
that the optimal scarf angle depends primarily on the absolute value of the stress ratio A

when the scarf angle is small [90], as they generally are.

So, for small scarf angles, the ratio of major (x) and minor (3) axes of the elliptical repair is:
ax
— = |4 Equation 16-31
y

The authors of [90] then state that the scarf angle is:

tana(8) = J (cos@tana,)? + (sin 0 tan ay)z Equation 16-32

which for small angles is:
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/sin 9 \* )
a(0) ~ cos29 + Equation 16-33

which is valid for both isotropic and orthotropic materials [90].

/A

Figure 16-7: Generic Scarf Surface [90]

An interesting concept as presented in [90] is that of the Near Optimum repair. This
concept can drastically reduce the size of optimised repairs, especially if the damage is
orientated in the minor, or y, axis. This is achieved by combining the optimised elliptical
solutions with planar shapes as seen in Figure 16-8 to produce a new shape shown in Figure
16-9. By doing this, it is possible to construct hybrid shapes with near constant bond

stresses [90].

(b)

Fgure 16-8: Combining (a) Standard Scarf Repair with (b) Planer Scarf Surface produces a Near Optimum
Scarf Repair Geometry [90]
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Fgure 16-9: Near Optimum Scarf Repair Geometry [90]

The results of the FEA conducted in the study described in [90] shown in Figure 16-10 does
indeed show that this concept is viable, showing a near constant contour of failure index:

— Tmax

Tr

AL Equation 16-34
If the Failure Criterion Index (FCI) is >1, then the adhesive has been stressed beyond failure

[90], The authors also state that with less constrained models, other near optimum

solutions may present themselves [90].

The authors of [77] also investigated the optimisation of scarf repairs. According to the
authors, all previous bodies of work have analysed like for like patch lay ups, similar to that
of the parent laminate [77], The authors also state that a like for like repair produces very
little out of plane displacement, due to the matching plies in both the parent laminate and

in the repair patch [77].

The work presented in [77] seeks to improve the strength of the repair under uni-axial
tension by optimising the orientation of the fibres within the repair patch. This was
achieved by obtaining the strength of the repair through determining the failure load of the
adhesive [77]. The optimisation algorithm used by the authors attempted to increase the
repair strength by reducing the adhesives von Mises stress. This was achieved by adjusting

the fibre orientations in the repair patch plies [77].

For a flush scarf repair, the optimal stacking sequence was found to be [+50/+47/-
31/+68/+106/-72/-36/+36] [77]. Despite being the optimal stacking sequence, the authors
concede that the manufacturing and the load induced tension bending interaction of the
repair patch will be problematic. However, from Figure 16-11 it can be clearly seen that by
using the optimised patch proposed in [77] a significant reduction in the von Mises stress
can be achieved. This is due to the softer layup being used in the repair patch to avoid
excessive stress transfer through the adhesive, especially at the termination regions of the

0° plies [77],
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16-10: Near Optimum Repair, showing (a) Mesh and (b) FEA Analysis showing the contour of failure index [90]
Overplies were also discussed in the work by described in [77] with the thickness and the
orientation of the over plies being analysed on a [+45/0/-45/90]sparent plate with a like for
like repair patch. Two over ply angles were considered: 45°, coinciding with the top ply
angle and 0°, coinciding with the loading direction. The thicknesses analysed consisted of O,
1, 2, 4 and 8 plies. Figure 16-12 shows that the thicker over plies reduced the stress, but
only for the outermost plies. The deeper 0° plies were not affected; regardless of the over

ply thickness. This is shown by the peak between 1 and 2 in the normalised z coordinate.

The authors then continue to analyse the effect of varying the orientation of the over plies
and their effect on the maximum von Mises stress in the adhesive. Three repair patches
were used: like for like; offset plies and optimised [77]. An overply was then added to each
of these repairs and analysed. The orientations analysed were between -90° and 90° and
were normalised by the von Mises stress of the adhesive [77]. In the more realistic case
that the authors of [77] analysed, it was found that large peel stresses were induced at the
outer edges of the adhesive when a near 0° over ply was used [77] and the preferred

overply orientation would be a +54° or -54° [77].
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Rgure 16-11: Optimised Aush Scarf Repair Schematic with Plot of Normalised von Mises stress in the
adhesive [77]
An optimised repair without an over ply was found to be 33% stronger than a standard like
for like ply replacement repair [77]. Applying an optimised over ply to this repair increased

the strength of the repair to 90% of the undamaged laminates original strength [77],

It should be noted however that only cohesive failure in the adhesive was taken into
account [77]. Nevertheless, significant advantages can be gained from the use of ply

orientation optimisation algorithms such as this and using non traditional ply orientations.

Harman and Wang [119] present an optimisation method for the profile of a scarf joint
between two dissimilar adherends. This analysis allows an approximately uniform
distribution of stress across the bondline, enhancing the joint strength and reducing the
amount of healthy material removed [119]. Figure 16-13 shows the scarf joint geometry
used to develop the governing differential equation for the stress distribution along the
scarf joint,

0"U) -p(x)0'M -/(x)0(x) = g(x) Equation 16-35
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Fgure 16-12: Effect of (a) 45° over ply and (b) 0° over ply thickness on the von Mises stress in the adhesive
77

where:

1- ViﬂV2zx+ 1+ Vpy
CO)  E2xh(x) ENh-L-hix))

f{x) =
_ -(1 - v2)pc
90x) = c{x)E1(h1- h(x))
|
p(x)= fe )

a'(x)tan a(x) sec2a(x)(3E3- G3+ 3(E3- G3)cos2a(x))

p(x) = 2(E3 + G3tan2 a{x))
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and the numbered subscripts of E and G refer to the local adhesive coordinate system. An
algorithm was written to perform a finite difference evaluation and Equation 16-35 was

rearranged into the expression:

d"(x) =p(x)p(x) + f()P(x) + g(x) Equation 16-36

where p(x) = 0 for the case of a straight scarf and is given by Equation 16-35 And Equation
16-36 in the case of a varying scarf angle. Equation 16-36 was approximated using finite
difference formulation Equation 16-37:

Xign ~2X + X1 X1 — %
h? LY

-1 + fix; + gi Equation 16-37

which, after rearrangement becomes:

h h
(_Epi - 1) xi-1+ @+ R f)x; + ('2'pi - 1) Xiy1 = —h%g;  Equation 16-38

As singularities of ¢(x), or the total applied force acting on an element of the second
adherend, exist at both tips of the joint, they will not be evaluated at these locations

directly; they are instead obtained from the boundary conditions:
d(x;=0)=0
¢(xn = L) = po
Once ¢(x) was evaluated along the scarf, the derivative ¢’(x) was determined in order to
evaluate 72 from:
¢'® = (1 + tan? a)74,(t)

Harman and Wang [119] state that this optimisation method may be particularly useful for
repairing quasi-isotropic laminates. However, they also state that this method does not
account for the stress concentrations induced by local ply orientations [119]. As a result
shaping the repair joints may only be applicable for special cases where the layup of the

repair laminate could be identical to that of the orthotropic parent laminate [119].
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Figure 16-13: Scarf joint geometry used to develop governing equations [119]

It was also found that the shear stress in the adhesive would concentrate at the tip of the
stiffer adherend [119]. By linearly optimising the varying scarf angle, the shear stress was
said to balance [119]). However, if a dissimilar layup was used, the linear variation of the
scarf angle would not reduce the shear stress concentration [119]. It was also found that
the application of a reduced modulus, like for like layup repair to the parent material offers
better optimisation potential than using interleaved adhesive material within the repair

laminate [119].

16.6 Publication List

Analysis of Composites Scarf Joints — SAMPE Europe 2012

345.



References

17. REFERENCES

10.
11.

12.

13.

14.

15.

16.

Armstrong, K.B., L.G. Bevan, and W.F.C. Il, Care and Repair of Advanced Composites.
2nd ed. 2005, Warrendale: SAE.

Twist, B., Experimental Investigations into the Behaviour of Composite Aircraft using
Repairs, in College of Engineering 2013, Swansea University: Swansea.

Bestley, C.C.N., In-service Application of Composite Repair Solution, in College of
Engineering. 2013, Swansea University: Swansea.

Gardiner, G., Primary structure repair: The quest for quality, in High Performance
Composites. 2011, Gardner Business Media.

Kollar, L.P. and G.S. Springer, Mechanics of Composite Structures. 1st ed. 2003,
Cambridge: Cambridge University Press.

Wang, J., M. Stankiewicz, Z. Zhou, A. Baker, and W.K. Chiu, Battle damage repair of
a helicopter composite frame-to-skin junction - A sole external repair approach.
Composite Structures. 92(4): p. 936-949.

Tzetzis, D. and P.J. Hogg, Experimental and finite element analysis on the
performance of vacuum-assisted resin infused single scarf repairs. Materials &
Design, 2008. 29(2): p. 436-449.

Broc, A., P. Lalande, E. Montreuil, J.-P. Moreau, A. Delannoy, A. Larsson, and P.
Laroche, A lightning swept stroke model: A valuable tool to investigate the lightning
strike to aircraft. Aerospace Science and Technology, 2006. 10(8): p. 700-708.

Gardiner, G., Lightning Strike Protection for Composite Structures, in High
Performance Composites. 2006. p. 44 - 51.

Helfrick, A.D., Principles of Avionics. 3rd ed. 2000: Avionics Communications Inc.

Brady, C. The 737 Technical Site. 2012 5/10/2012 [cited 2012; Available from:
http://www.b737.org.uk/wingtips.htm.

Das, M., E. Oterkus, E. Madenci, and H. Razi, Residual strength of sandwich panels
with hail damage. Composite Structures, 2008. 88(88).

Burger, J., Factors affecting bird strikes on aircraft at a coastal airport. Biological
Conservation, 1985. 33: p. 1-13.

BEA, Accident survenu le 25 juillet 2000 au lieu-dit La Patte d'Oie de Gonesse (95) au
Concorde immatricule F-BTSC exploite par Air France. 2002, Bureau d'Enquetes et
d'Analyses pour la securite de I'aviation civile: Le Bourget, Paris.

Weimeng. Boeing 737-84P Bird strike. 2010 [cited 2012 October 2012]; Available
from: http://www.airliners.net/photo/Hainan-Airlines/Boeing-737-

84P/1951816/&sid=3853693c5¢23f916072585626f2f3b31.

Mahgoli, A. Hail Damage to Tuplolev Tu-154M. 2009 [cited 2012 October 2012];
Available from: http://www.airliners.net/photo/Iran-Air-Tour/Tupolev-Tu-
154M/1567640/&sid=2505ecd284b7eaa520b86a5a2bd70405.

346.



References

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Pavier, M.J. and M.P. Clarke, Experimental Techniques For The Investigation Of The
Effects Of Impact Damage On Carbon-Fibre Composites. Composites Science and
Technology, 1995. 55: p. 157-168.

Polimeno, U. and M. Meo, Detecting barely visible impact damage detection on
aircraft composites structures. Composite Structures, 2009. 91(4): p. 398 - 402.

BBC. Continental 'responsible’ for Concorde crash in 2000. 2010 6/12/2010 [cited
2012 20/11/2012]; News Report].

Habib, F.A., Defect, Damage and Repair, BAE Systems, Impact and Repair Group.

Marioli-Riga, Z. and E.E. Gdoutos, Delamination detection of bonded composite
patches for repairing damaged aircraft components by Bragg grating sensors, in
11th International conference on fracture (ICF11). 2005: Turin, Italy.

Baker, A., S. Dutton, and D. Kelly, Composite materials for aircraft structures. 2nd
ed. AIAA Education Series, ed. J.A. Schetz. 2004, Blacksburg, Virginia: American
Institute of Aeronautics and Astronautics.

Schuermann, M., Interaction of repairs on composite panels, in Institut fur
Flugzeugbau und Leichtbau. 2008, Technische Universitat Braunschweig:
Braunschweig.

Ravikiran, N.K., A. Venkataramanaiah, M.R. Bhat, and C.R.L. Murthy, Detection and
Evaluation of Impact damage in CFRP Laminates Using Ultrasound C-Scan and IR
Thermography, in National Seminar on Non-Destructive Evaluation. 2006:
Hyderabad.

Garnier, C., M. Pastor, F. Eyma, and B. Lorrain, The detection of aeronautical defects
in situ on composite structures using non destructive testing. Composite Structures,
2011. 93(5): p. 1328-1336.

Alderliesten, R.C., Damage tolerance of bonded aircraft structures. International
Journal of Fatigue, 2008. 31(6): p. 1024 - 1030.

Razi, H. and S. Ward, Principles for Achieving Damage Tolerant Primary Composite
Aircraft Structures, in 11th DoD/FAA/NASA Conference on Fibrous Composites in
Structural Design. 1996: Fort Worth, Texas, USA.

Duong, C.N. and C.H. Wang, Composite Repair Theory and Design. 1st ed. 2007,
Oxford: Elsevier. 463.

Caliskan, M., Evaluation of bonded and bolted repair techniques with finite element
method. Materials & Design, 2006. 27(10): p. 811-820.

Hart-Smith, L.J., Adhesively bonded joints for fibrous composite structures, in Recent
Advances in Structural Joints and Repairs for Composite Materials, L. Tong and C.
Soutis, Editors. 2003, Kluwer Academic Publishers: Dordrecht, The Netherlands. p.
173 -207.

Baker, A.A., L.R.F. Rose, and R. Jones, eds. Advances in the Bonded Composite
Repair of Metallic Aircraft Structure. Vol. 2. 2002, Elsevier: Oxford.

McGeorge, D., A.T. Echtermeyer, K.H. Leong, B. Melve, M. Robinson, and K.P.
Fischer, Repair of floating offshore units using bonded fibre composite materials.
Composites Part A: Applied Science and Manufacturing, 2009. 40(9): p. 1364-1380.

347.



References

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Grabovac, 1. and D. Whittaker, Application of bonded composites in the repair of
ships structures - A 15-year service experience. Composites Part A: Applied Science
and Manufacturing, 2009. 40(9): p. 1381-1398.

Savage, G. and M. Oxley, Repair of composite structures on Formula 1 race cars.
Engineering Failure Analysis, 2010. 17(1): p. 70-82.

Halliwell, S., Repair of Fibre Reinforced Polymer (FRP) Structures. National
Composites Network Best Practice Guide, 2009.

Matthews, F.L. and P.P. Camanho, Stresses in Mechanical Fastened Joints, in Recent
Advances in Structural Joints and Repairs for Composite Materials, L. Tong and C.
Soutis, Editors. 2003, Kluwer Academic Publishers: Dordrecht, The Netherlands. p.
67 - 96.

Camanho, P.P. and F.L. Mattews, Stress analysis and strength prediction of
mechanically fastened joints in FRP: a review. Composites Part A: Applied Science
and Manufacturing, 1997. 28(6): p. 529-527.

Collings, T.A., On the bearing strengths of CFRP laminates. 1982, RAE Technical
Report 82033. p. 1-23.

Kretsis, G. and F.L. Mattews, The strength of bolted joints in glass/fibre epoxy
laminates. Composites, 1985. 16: p. 92-105.

Hart-Smith, L.J., Mechanically-fastened joints for advanced composites -
phenomelogical considerations considerations and simple analysis. 1978, Douglas
Paper 6748. p. 1-32.

Hart-Smith, L.J., Design and Analysis of Bolted and Riveted Joints in Fibrous
Composite Structures, in Recent Advances in Structural Joints and Repairs for
Composite Materials, L. Tong and C. Soutis, Editors. 2003, Kluwer Academic
Publishers: Dordrecht, The Netherlands. p. 211 - 257.

Hart-Smith, L.J., Design and analysis of bolted and riveted joints in fibrous
composite structures 1986, Douglas Paper 7739. p. 1-15.

Chalkley, P. and A. Baker, Development of a generic repair joint for certification of
bonded composite repairs. International Journal of Adhesion and Adhesives, 1999.
19(2-3): p. 121-132.

Wood, K., In-situ composite repair builds on basics, in High Performance
Composites. 2008, Gardner Business Media.

Furet, B., B. Jolivel, and D. Le Borgne. Milling and drilling of composite materials for
the aeronautics. JEC Composites Knowledge and Networking 2005 [cited 2012
July]; Available from: http://www.jeccomposites.com/news/composites-
news/milling-and-drilling-composite-materials-aeronautics.

Gkikas, G., D. Sioulas, A. Lekatou, N.M. Barkoula, and A.S. Paipetis, Enhanced
bonded aircraft repair using nano-modified adhesives. Materials &amp; Design.
41(0): p. 394-402.

Kelly, G., Load transfer in hybrid (bonded/bolted) composite single-lap joints.
Composite Structures, 2005. 69(1): p. 35-43.

Fu, M. and P.K. Mallick, Fatigue of hybrid (adhesive/bolted) joints in SRIM
composites. International Journal of Adhesion and Adhesives, 2001. 21(2): p. 145-
159.

348.



References

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Chester, R., Materials Selection and Engineering, in Advances in the Bonded
Composite Repair of Metallic Aircraft Structure, A.A. Baker, L.R.F. Rose, and R.
Jones, Editors. 2002, Elsevier: Oxford.

Heller, M. and R. Kaye, Shape Optimisation For Bonded Repairs, in Advances in the
Bonded Composite Repair of Metallic Aircraft Structure, A.A. Baker, L.R.F. Rose, and
R. Jones, Editors. 2002, Elsevier: Oxford.

Campilho, R.D.S.G., M.F.S.F. de Moura, and J.J.M.S. Domingues, Modelling single
and double-lap repairs on composite materials. Composites Science and
Technology, 2005. 65(13): p. 1948-1958.

Oztelcan, C., 0.0. Ochoa, . Martin, and K. Sem, Design and analysis of test coupons
for composite blade repairs. Composite Structures, 1997. 37(2): p. 185-193.

Malnati, P., Automotive CFRP: Repair or replace?, in High Performance Composites.
2012, Gardner Business Media.

Jones, R. and L. Molent, Repair of Multi-Site Damage, in Advances in the Repair of
Metallic Aircraft Structure, A.A. Baker, L.R.F. Rose, and R. Jones, Editors. 2002,
Elsevier: Oxford.

Kumar, S.B., I. Sridhar, S. Sivashanker, S.0. Osiyemi, and A. Bag, Tensile failure of
adhesively bonded CFRP composite scarf joints. Materials Science and Engineering:
B, 2006. 132(1-2): p. 113-120.

Pinto, A.M.G., R.D.S.G. Campilho, M.F.S.F. de Moura, and I.R. Mendes, Numerical
evaluation of three-dimensional scarf repairs in carbon-epoxy structures.
International Journal of Adhesion and Adhesives. 30(5): p. 329-337.

Whittingham, B., A.A. Baker, A. Harman, and D. Bitton, Micrographic studies on
adhesively bonded scarf repairs to thick composite aircraft structure. Composites
Part A: Applied Science and Manufacturing, 2009. 40(9): p. 1419-1432.

Campilho, R.D.S.G., M.F.S.F. de Moura, A.M.G. Pinto, J.J.L. Morais, and J.J.M.S.
Domingues, Modelling the tensile fracture behaviour of CFRP scarf repairs.
Composites Part B: Engineering, 2009. 40(2): p. 149-157.

Baker, A., A Proposed Approach for Certification of Bonded Composite Repairs to
Flight-Critical Airframe Structure. Applied Composite Materials, 2011. 18: p. 337-
369.

Baker, A.A., Certification Issues for Critical Repairs, in Advances in the Bonded
Composite Repairs of Metallic Aircraft Structure, A.A. Baker, L.R.F. Rose, and R.
Jones, Editors. 2002, Elsevier: Oxford.

Bond, D., Adhesively Bonded Repairs: Meeting the Safety Requirements Implied
within Existing Aviation Industry Certification Regulations, in Advances in the
Bonded Composite Repairs of Metallic Aircraft Structure, A.A. Baker, L.R.F. Rose,
and R. Jones, Editors. 2002, Elsevier: Oxford.

Gardiner, G., No disagreement on bonded repairs, in High Performance Composites.
2011, Gardner Business Media.

ASTM, ASTM D3762-03, in Standard Test Method for Adhesive-Bonded Surface
Durability of Aluminum (Wedge Test). 2010, ASTM.

Jones, R., W.K. Chiu, and R. Smith, Airworthiness of composite repairs: Failure
mechanisms. Engineering Failure Analysis, 1995. 2(2): p. 117-128.

349.



References

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

Blackman, B.R.K., B.B. Johnsen, A.l. Kinloch, and W.S. Teo, The effects of pre-bond
moisture on the fracture behaviour of adhesively-bonded composite joints. Journal
of Adhesion, 2008. 84(3): p. 256-276.

Kawakami, H. and P. Feraboli, Lightning strike damage resistance and tolerance of
scarf-repaired mesh-protected carbon fiber composites. Composites Part A: Applied
Science and Manufacturing. 42(9): p. 1247-1262.

McBroom, G.P., Method of forming and indirect testing of a bond on or in an
aircraft component, U.S. Patent, Editor. 2010, Airbus Operations Ltd. : Great Britain.

Mason, K., The craft of aircraft repair, in High-Performance Composites. 2005,
Gardner Business Media.

Teti, R., Machining of Composite Materials. CIRP Annals - Manufacturing
Technology, 2002. 51(2): p. 611-634.

Wang, C.H. and A.). Gunnion, On the design methodology of scarf repairs to
composite laminates. Composites Science and Technology, 2008. 68(1): p. 35-46.

Baker, A.A., R.J. Chester, G.R. Hugo, and T.C. Radtke, Scarf repairs to highly strained
graphite/epoxy structure. International Journal of Adhesion and Adhesives, 1999.
19(2-3): p. 161-171.

Mattews, F.L. and R.D. Rawlings, Composite Materials: Engineering and Science.
1999, Cambridge: Woodhead Publishing Limited.

Gay, D. and S.V. Hoa, Composite Materials Design and Applications. 2nd ed. 2007,
Boca Raton, Florida: CRC Press, Taylor & Francis Group.

Baker, A., Development of a hard-patch approach for scarf repair of composite
structure. 2006, Australian Government Department of Defence, Defence Science
and Technology Organisation: Victoria.

Jones, R.M., Mechanics Of Composite Materials 2nd ed. 1999: Taylor and Francis.

Wang, C.H. and D. Pilalis, Design methodology for bonded repair to partial through
thickness damage. 2008.

Breitzman, T.D., E.V. larve, B.M. Cook, G.A. Schoeppner, and R.P. Lipton,
Optimization of a composite scarf repair patch under tensile loading. Composites
Part A: Applied Science and Manufacturing, 2009. 40(12): p. 1921-1930.

Found, M.S. and M.J. Friend, Evaluation of CFRP panels with scarf repair patches.
Composite Structures, 1995. 32(1-4): p. 115-122.

Ahn, S.-H. and G.S. Springer, Repair of Composite Laminates. 2000, U.S. Department
of Transportation, Federal Aviation Administration: Washington D.C.

Volkersen, 0., Die Niektraftverteilung in Zugbeanspruchten mit Konstanten
Laschenquerschritten. Luftfahrtforschung, 1938. 15: p. 41-47.

Goland, M. and E. Reissner, The Stresses in Cemented Joints. Journal of Applied
Mechanics, 1944. 11(A): p. 17-27.

Hart-Smith, L.J., Adhesive-bonded single lap joints. 1973(b), NASA.

Oplinger, D.W., Effects of adherend deflections in single lap joints. International
Journal of Solids and Structures, 1994. 31(18): p. 2565-2587.

Liyong Tong, G.P.S., Analysis and Design of Structural Bonded Joints. 1999,
Dordrecht, Netherlands: Kluwer Academic Publishers.

350.



References

85.

Unit, E.-E.S.D., Stress analysis of single lap bonded joints (adhesive and adherends).
2001, ESDU,

Endorsed by the Institute of Mechanical Engineers (IMechE).

86.

87.

88.

89.

90.

91.

92.

93.

94.
95.

96.

97.
98.
99.

100.

101.

102.

103.

104.

Kan, H. and D.M. Kane, Probabilistic certification of integrally bonded composite
structures - an assessment. 43rd AIAA/ASME/ASCE/AHS/ASC Structures, Structural
Dynamics, and Materials Con, 22-25 April 2002, Denver, Colorado, 2002(AIAA 2002-
1388).

Mahdi, S., The Performance of Bonded Repairs to Composite Structures, in Centre
for Composite Materials and Mechanical Engineering Department. 2001, Imperial
College London: London.

Gunnion, A.. and |. Herszberg, Parametric study of scarf joints in composite
structures. Composite Structures, 2006. 75(1-4): p. 364-376.

Gleich, D., Stress Analysis of Structural Bonded Joints. 2002, Delft University: DUP
Science.

Wang, C.H. and A.J. Gunnion, Optimum shapes of scarf repairs. Composites Part A:
Applied Science and Manufacturing, 2009. 40(9): p. 1407-1418.

Trabocco, R.E., T.M. Donnellan, and J.G. Williams, Repair Of Composite Aircraft.
Bonded Repair Of Aircraft Structures, ed. A.A. Baker and R. Jones. 1988, Dordrecht:
Martinus Nijhoff Publishers.

Pipes, R.B., D.W. Adkins, and J. Deaton, Strength and repair of bonded scarf joints
for repair of composite materials. 1982, NASA Langley Research Centre, MSG 1304.

lones, R.M., Mechanics of Composite Materials. 2nd ed. 1999, London: Taylor &
Francis.

Barbero, E.J., Finite Element Analysis Of Composite Materials. 2008: CRC Press.

Reddy, J.N., Mechanics of Laminated Composite Plates and Shells: Theory and
Analysis. 2nd ed. 2004, Boca Raton: CRC Press.

Daniel, I.M. and O. Ishai, Engineering Mechanics of Composite Materials. 1994,
Oxford: Oxford University Press.

MSC.Software, NASTRAN. 2005.

Altair, RADIOSS. 2010, Altair Engineering.

Altair, HyperMesh. 2010, Altair Engineering.

Anaglyph, Laminate Analysis Program. 2001, Anaglyph Ltd.

ESDU, Engineering Sciences Data Unit - Stress analysis of single lap bonded joints
(adhesive and adherends). 2001, ESDU, Endorsed by the Institute of Mechanical
Engineers (IMechE).

Matthews, F.L. and R.D. Rawlings, Composite Materials: Engineering and Science.
1999, Cambridge: Woodhead Publishing Limited.

AktaAY, A., Bearing strength of carbon epoxy laminates under static and dynamic
loading. Composite Structures, 2005. 67(4): p. 485-489.

Phadke, M.S., Quality Engineering Using Robust Design. 1989, London: Prentice-Hall
International.

351.



References

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Netherwood, G. Taguchi Orthoganal Arrays. [cited 2012; Available from:
http://www.micquality.com/reference tables/taguchi.htm.

Stewart, I, A. Chambers, and T. Gordon, The cohesive mechanical properties of a
toughened epoxy adhesive as a function of cure level. International Journal of
Adhesion and Adhesives, 2007. 27(4): p. 277-287.

Lapique, F. and K. Redford, Curing effects on viscosity and mechanical properties of
a commercial epoxy resin adhesive. International Journal of Adhesion and
Adhesives, 2002. 22(4): p. 337-346.

Zienkiewicz, O.C., The Finite Element Method in Structural and Continuum
Mechanics. 1st ed. European Civil Engineering, ed. P.B. Morice. 1967, London:
McGraw-Hill Publishing Company Limited.

Smith, .M. and D.V. Griffiths, Programming the Finite Element Method. 4th ed.
2008, Chichester: John Wiley & Sons Ltd.

Gay, D. and S.V. Hoa, Composite Materials Design and Application. 1st ed. 2007,
Boca Raton, Florida: CRC Press, Taylor & Francis Group.

Tsai, S.W. and K.-S. Liu, A progressive quadratic failure criterion for a laminate, in
Failure Criteria in Fibre Reinforced Polyemer Composites: The World-Wide Failure
Exercise, M.J. Hinton, A.S. Kaddour, and P.D. Soden, Editors. 2004, Elsevier: London.

Failure Criteria in Fibre Reinforced Polymer Composites: The World Wide Failure
Exercise, ed. M.). Hinton, A.S. Kaddour, and P.D. Soden. 2004: Elsevier.

Cuntze, R.G. and A. Freund, The predictive capability of failure mode concept based
strength criteria for multidirectional laminates, in Failure Criteria in Fibre Reinforced
Polymer Composites, M.J. Hinton, A.S. Kaddour, and P.D. Soden, Editors. 2004:
London.

Puck, A. and H. Schurmann, Failure analysis of FRP laminates by means of physically
based phenomenological models, in Failure Criteria in Fibre Reinforced Polymer
Composites, M.J. Hinton, A.S. Kaddour, and P.D. Soden, Editors. 2004, Elsevier:
London.

Zinoviev, P.A., S.V. Grigoriev, O.V. Lebedeva, and L.P. Tairova, The strength of
multilayered composites under a plane-stress state, in Failure Criteria In Fibre
Reinforced Polymer Composites: The World-Wide Failure Exercise, M.). Hinton, A.S.
Kaddour, and P.D. Soden, Editors. 2004, Elsevier: London.

Boggetti, T.A., C.P.R. Hoppel, V.M. Harik, J.F. Newill, and B.P. Burns, Predicting the
nonlinear response and progressive failure of composite laminates, in Failure
Criteria in Fibre Reinforced Polymer Composites: The World-Wide Failure Exercise,
M.J. Hinton, A.S. Kaddour, and P.D. Soden, Editors. 2004, Elsevier: London.

Patten, S., Targeting composite wing performance - Optimising the composite lay-
up design, in The 6th Altair CAE Technology Conference. 2009, Altair.

Mylett, D., L. Butler, and S. Gardner, Composite Optimisation of a Formula One
Front Wing, in The 6th Altair CAE Technology Conference. 2009, Force India and
Altair Engineering.

Harman, A.B. and C.H. Wang, Improved design methods for scarf repairs to highly
strained composite aircraft structure. Composite Structures, 2006. 75(1-4): p. 132-
144.

352.



