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A bstract

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. I n tr o d u c tio n

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:

• Excellent stiffness and strength to weight ratios;

• Resistance to corrosion;

• Increased resistivity to fatigue;

• The ability to tailor the laminate for the required mechanical properties in specific 

directions;

•  The ability to more easily create smooth aerodynamic profiles;

•  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:

• Improved load transfer;

• Improved aerodynamic profile;

• Reduced weight;

•  Improved aesthetics;

• The elimination of galvanic corrosion;

• 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;

• Identification of the best bonded repair configuration for a composite laminate;

•  Investigation of this configuration in full depth joints as well as partial depth

repairs;

• Development of accurate and reliable analytical methods;



Introduction

• Investigate of manufacturing effects and inaccuracies on the performance of the 

identified repair configuration;

• 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:

• 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;

• 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;

•  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;

•  the mathematical methods used to analyse composite structures, including Finite 

Element Analysis (FEA) and Classical Laminate Theory (CLT) in Chapter 6;

•  initial model building and the analysis of various resin and bonded repairs in 

Chapter 7;

•  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;

•  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;

•  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. Dam ag e

Damage is inev itab le . It w i l l  e ven tua l ly  a f fec t a system in som e fo rm  o r  o the r ,  e i th e r  by a 

s low, d raw n  o u t  process such as fa t igue, o r  by some sudden even t, like an im pact. 

Obviously, th is  damage w il l  a f fec t the  e f f ic ien t  o p e ra t io n  o f  the  system and w il l  requ ire  

some rem edia l ac t ion. A w e ll  designed and executed repa ir  can res to re  a system back, o r  

near to , its fu l l  po ten t ia l .  A p o o r  repa ir  on the  o th e r  hand, can exacerbate  the  damage, 

w eaken ing  the  system fu r th e r  and possibly cause p re m a tu re  fa i lu re . This chap te r  w il l  

investigate  the  m os t co m m o n  damage types to  a i rc ra f t  as w e ll  as the  te rm in o lo g y  used to  

describe th e m . Damage stat ist ics and c o m m o n  sources w il l  also be discussed and cu rre n t ly  

used damage de te c t io n  techno log ies  w il l  be b r ie f ly  ou t l ined .

2.1 Statistics and Sources

A sta t is t ica l s tudy on the  f requency  and loca tion  o f  dam age on a f le e t  o f  sho r t  range a irc ra f t  

revealed th a t  s tat is t ica lly , the  passenger and cargo doors  and the  w ings w e re  m ost 

susceptib le  to  damage. The m ost co m m o n  causes o f  dam age are a t t r ib u ta b le  to  the  g round  

su p p o r t  in fras t ruc tu re .  Figure 2-1 should  show  th a t  th is  is unsurpr is ing , cons ider ing  the  

hive o f  ac t iv i ty  a round  an a i rc ra f t  as w e ll  as th e  s tr ic t  t im e  cons tra in ts  on p repar ing  it fo r  

d epa rtu re .
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Figure 2-1: Diagram  of an aircraft's ground support in frastructure th a t can possibly cause dam age [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) lim it 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-throw1 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 w ingtip  of a Boeing 737 [11]

M e ta l l ic  fas teners  can also be a concern  w ith  regards to  l igh tn ing  dam age [9]. If l igh tn ing  

attaches i tse lf to  a fas tener, w h ich  is som ehow  separated f ro m  th e  a irc ra f t  skin by a small 

a ir  gap, a spark gap could be fo rm e d  [9]. If l ightn ing t rave l led  in to  th is  spark gap, it w o u ld  

ionise the  air and p roduce  a plasma arc [9]. This w ou ld  exit th e  gap w i th  ex tre m e  fo rce  and 

cause severe dam age to  the  su rround ing  s truc tu re  [9]. It cou ld  even cause a ca tas troph ic  

fa i lu re  o f  the  a irc ra f t  i f  the  plasma arc ignites fuel vapours  w i th in  the  fue l tank.

2.2.3 Impact Damage

Im pac t  damage can take place in service, during m a in tenance  and du r ing  m a nu fac tu re .  The 

causes are varied and can be as d ram a t ic  as a bird str ike o r  as m u n d a n e  as a d ropped  too l .  

In service, damage can com e in the  fo rm  o f  hail stones, debris  o r  even g round  service 

vehic les. Hail can be pa rt icu la r ly  damaging to  th in  s truc tu res  and can cause den ts  o r  

punctu res . M o s t  hail dam age does fall w i th in  the  AD ca tegory ; h o w e v e r  th e re  are 

exam ples  w he re  th e  damage can be qu ite  severe [12]. This is especially  t ru e  fo r  th in  

s truc tu res  and d isregard ing  th is  damage can cause extensive deg rada t ion  and stiffness loss 

[12]. A bird s tr ike can also be q u i te  damaging to  the  a irc ra f t ,  especially  to  the  engines. 

H o w e ve r  accord ing to  [13] on ly  20% to  30% o f  bird str ikes are repo r ted .  This could be due 

to  th e  fact th a t  th e  c rew  are unaw are  o f  the  bird s tr ike  o r  s im p ly  because o f  the  

inconven ience  in re po r t ing  such an inc ident [13]. Im pac t dam age can also be caused by 

debr is  on the  ru n w a y  and can lead to  signif icant damage o r  to ta l  loss o f  th e  a ircra ft .  The 

Concorde  d isaster in Paris on the  25 th o f  July 2000 is an exam ple  o f  th is  [14].

9.
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Birdstrike
Damage

Figure 2-3: Im pact dam age from  Bird strike and Hail [15, 16)

These impacts  may cause dents in m eta ll ic  structures, b u t  th is  genera l ly  isn 't  the  case in 

co m pos i te  s tructures. Instead, the  damage is m ost l ikely to  be fa r  m o re  subtle  and be in 

th e  fo rm  o f  d e la m in a t io n  , wh ich  can sign if icantly  reduce s truc tu ra l  in te g r i ty  [17]. U nder 

tens i le  loading, th e  s treng th  reduc t ion  is caused by f ib re  cracking and can be es t im a ted  by 

using a ne t section fa i lu re  ca lcu la t ion [17], The reduc t ion  o f  s t reng th  un d e r  compress ive 

load ing  is due to  plies de lam ina t ing  fu r th e r  and stress being re d is t r ib u ted  in to  th e m , w h ich  

th e n  causes these plies to  buckle and fail [17]. Calculating th e  stress in th e  stil l in tac t part 

o f  th e  lam ina te  can be used to  p red ic t  the  fa i lu re  [17]. D e lam ina t ion  w il l  m os t l ikely occur 

a round  fas tene r holes and w ith in  the  skin o f  a s truc tu re  du r ing  m a n u fa c tu re  [18]. In service 

ho w ever ,  de la m in a t io n  can occur th ro u g h o u t  the s truc tu re  and is usually caused by lo w  

ve lo c i ty  impacts [18], w h ich  can cause com plex  pa tte rns o f  m a tr ix  and f ib re  cracking [17].

Usually, de lam ina t ions  are repaired by mechanical fasteners, h o w e ve r  th e re  are several 

d isadvantages to  th is  fo rm  o f  repair [20]. The m ost no tab le  d raw back  is its invasive na tu re , 

w h ich  could e n te r  fue l  areas and cause po ten t ia l  l ightn ing in d u c t ion  risks [21].

2.2.3.1 Bare ly Visible Im pact Damage (BVID)

Barely Visible Im pac t Damage, o r  BVID, is damage th a t  ca nno t be easily d iscovered by 

conven t iona l  inspection  techn iques, bu t it is assumed to  be p resen t in all a irc ra f t  s truc tu res .

10.
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M o s t  o f  these de fects  do no t a f fec t the  com p o n e n t s truc tu ra l ly  o r  o th e rw ise  and fall w i th in  

th e  A l low ab le  Damage (AD) l im its.

Metal strip left on runway

Tyre hits metal strip and explodes

Charles de Gaulle, Paris

Take-off
Crash site

1 1 6 4 3  l o c a l  t i m e  S m o k e  s e e n  a s  A i r  F r a n c e  C o n c o r d e  4 5 9 0  t a k e s  o f f .  i n v e s t i g a t o r s  f o u n d  a  t y r e  h a d  e x p l o d e d  a f t e r  h i t t i n g  a  m e t a l  s t r i p  l e f t  o n  t h er u n w a y  -  t y r e  p i e c e s  h i t  a  f u e l  t a n k  c a u s i n g  a  l e a k  w h i c h  i g n i t e d
2  C o n t r o l  t o w e r  t e l l s  p i l o t  l a r g e  f l a m e s  c o m i n g  f r o m  t a i l  e n d
3  L e s s  t h a n  2 k m  f r o m  a i r p o r t  p i l o t  t r i e s  t o  g a i n  a l t i t u d e
4  A l m o s t  5 k m  f r o m  a i r p o r t  C o n c o r d e  s t a r t s  t o  r o l l  a n d  f a l l
5  1 6 4 4  l o c a l  t i m e  C o n c o r d e  c r a s h e s  k i l l i n g  1 0 9  o n  b o a r d  a n d  f o u r  o n  g r o u n d

S o u r c e  B u r e a u  E n q u e t e s - A c c i d e n t s
Figure 2-4: Explanation of th e  Concorde Charles De Gaulle crash of July 2000 [19]

BVID is a variab le  level o f  dam age and is dependen t on th e  s tru c tu re  th a t  is estab l ished 

p r io r  to  the  design phase o f  every  com pos ite  com p o n e n t on the  a irc ra f t  [1]. It is usually to o  

small to  be de tec ted  by s tandard  inspection techn iques o r  is sm a l le r th a n  reasonably  

expec ted  dur ing  service o r  m a nu fac tu re .  The l ike l ihood o f  th is  dam age happen ing  is 10 

5/ f l i g h t  hou r  [1].
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Due to  th e  b r i t t leness  o f  com pos ite  materia ls, low  ve loc ity  im pacts  can cause de lam ina t ions  

inside the  lam ina te , bu t leave the  o u te r  surface seemingly undam aged [18]. This is a good 

exam ple  o f  BVID. This type  o f  damage can lead to  s ign if icant red u c t io n  in local s treng ths  

and can s low ly  g ro w  under a l te rna t ing  or f luc tua t ing  stress [18]. This w il l  lead to  a loss in 

s tif fness and u l t im a te ly  could lead to  fa i lu re  [18]. It is th e re fo re  im p o r ta n t  to  d e te c t  and 

m o n i to r  dam age in h igh ly  loaded com pos ite  com ponen ts  to  give early  w a rn ing  o f  

d e te r io ra t io n  and a l lo w  w e ll  t im e d  m ain tenance o f  the  s tru c tu re  [18]. Despite this, BVID is 

un l ike ly  to  occur in carbon f ib re  com posites  subjected to  realist ic  cyclic s tra in  levels [22],

2.23 .2  Visible Im pact Damage (VID)

VID is de f ined  as any damage g rea te r  than BVID. This open  descr ip t ion  encompasses a w ide  

array o f  damage f ro m  scratch and gouge to  punctures and corros ion . Usually th is can be 

fo u n d  by simple visual inspection, so the  use o f  NDT may n o t  be requ ired  to  de tec t it.

2.2.4 Foreign Object Damage (FOD)

FOD is again, a fa ir ly  open descr ip t ion  o f  damage, encompass ing  a w ide  va r ie ty  o f  causes 

and e ffects. Foreign ob jects  describe an intrusive and un w e lco m e  a dd i t ion  o r  ingress in to  a 

s t ruc tu re  o r  co m p o n e n t .  In com pos ite  materia ls  FOD can take  place bo th  in m a n u fa c tu re  

and in service. If FOD avoidance practices are no t en fo rced , th e  lam ina r na tu re  o f  

co m pos i te  co m p o n e n t  cons truc t ion  can a l low  unw anted  inclusions. This can be l im i ted  by 

using a c lean ro o m  to  ensure th a t  env ironm en ta l  add it ions  are l im i ted .  However, acc idents 

happen  and ob jec ts  such as scalpel blades, latex gloves and o th e r  lam ina t ing  too ls  have 

been u n in te n t io n a l ly  added to  a lam inate , as can be seen in Figure 2-5:

Figure 2-5: Exam ple o f FOD encountered in M anufacturing , a latex glove accidentally incorporated into a

com posite lam inate
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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 o rTg [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 Matrix cracking Delamination

Hi rtt

T t T  i j |
Figure 2-6: 4 m ain fa ilu re  m odes of lam inates [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 [5]. 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
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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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Transducer 
& Receiver

Composite
material
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through back wall

a) b)

Figure 2-7: M e tho ds of ultrasonic inspection a) Pulse Echo; b) Through Transm ission [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].

Transducer

Composite
material

Figure 2-8: R epresentation o f sound w ave response to  defects in a com posite lam in ate  [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 o f sound transmission based on a calibration [22].
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Defect

P robe on com posite lam inate

To CRT

Oscilloscope screen image

Figure 2-9: Schematic of an A-scan showing th e  scanning of a dam aged specim en and the o u tp u t seen on an
oscilloscope screen [22]

Uhccnected C-scan A% Gr:l A 0.00 Sk:0901:029 S:397.00 mm 1:398.60 mm

Figure 2-10: C-scan results of com posite lam in ate  w ith  a bonded scarf repa ir, th e  bondline is clearly visible as
the green circle in th e  centre o f th e  specim en [2]

W o rk  carr ied ou t  by [24] con f irm s  th is  and shows th a t  im pac t  damage and p ropaga t ion  

could be m apped ou t and q uan t i f ied  using u ltrasound . The a u tho rs  o f  [24] also exp lo red  an 

a l te rna t ive  m e thod :  In fra-red Imaging. This m e th o d  cou ld  d e te c t  the  im pac t induced 

dam age and ind icate  its g ro w th  unde r  spec trum  load ing [24], H o w e ve r  accurate  sizing and 

qu a n t i f ica t io n  could no t be achieved, bu t qua l i ta t ive  in fo rm a t io n  was ascerta ined in a 

sh o r te r  t im e  [24], O the r  a l te rna t ive  NDT m e th o d s  are em erg ing  and are becom ing
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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.
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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  D esigns

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 o f the respective uses o f adhesive bonding and mechanical 

fastening in aircraft structures seems to have been lost with the passage o f 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 In jec t ion

3. Lam inated D oub le r  Patch

4. Scarf Patch

Low modulus scaling patch Fill with adhesive and smooth with abrasive

Dcl<« initiation
Repair resin

Abrasions, cuts and scratchesComposite laminate
l>ent Vent hole

Doubler patch
Composite laminate

z

Repair or replace core material

Laminated repair patch
C ore material

Parent l-ammatr

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

The type  o f  repa ir  scheme ado p te d  is h igh ly  depe n d e n t on a n u m b e r  o f  fac tors ; t im e , 

fac i l i t ies and m ate r ia ls  available are ju s t  a fe w  examples. It is possible h o w e v e r  th a t  if on ly  

one o f  these factors  is no t readi ly  available o r  is unrealist ic , it m ay be m ore  feasib le o r  

econom ica l fo r  a new  part to  be f i t te d ,  at g rea t cost to  the  o p e ra to r  [1].

C u rren t repa ir  scenarios fo r  an a ircra ft 's  p r im a ry  s truc tu res  requ ire  a bo lted  repa ir  scheme, 

as bonded  repairs are no t cu rre n t ly  ce rt i f ied . These bo l ted  repairs are cons idered a 

baseline to  bonded coun te rp a r ts  and any advantages or indeed  d isadvantages are usually 

measured against them .

This chap te r  w il l  investigate  cu rren t ly  v iable repa ir  scenarios and designs, ou t l in in g  th e i r  

advantages and disadvantages. A se lection o f  the  best su i ted  repa ir  design fo r  fu r th e r  

inves tigat ion  and analysis w il l  also be made in th is 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:

Load

Tension Shcar-out Bearing

Cleavage

Figure 3-2: Bolted jo in t fa ilure m odes [36]

The authors of [36] continue and state that the width, distance from the centre of the bolt 

to the jo int 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 jo int 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 

90°."

The influence of the fastener type is also noteworthy on the jo int 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 jo in t 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 jo int 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 jo in t strength and the added disadvantage of being 

unable to predict failure modes [36].

£
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Some rules o f  th u m b  fo r  the  design o f  bo lted  jo in ts  are p roposed  in [41]. This w o rk  states 

th a t  the  bo lt  d ia m e te r  should be rough ly  equal to  lam ina te  th ickness; bo l t  bearing s treng th  

is sensit ive to  th rough  th ickness c lam ping and peak hoop  tens ion  stress a round  bo l t  holes is 

rough ly  equal to  the  average bearing stress [41]. O p t im is a t io n  m e th o d s  w e re  also 

suggested, fo r  bo th  single ro w  and m u l t ip le  row  jo in ts . Single ro w  jo in ts  have an o p t im u m  

ra t io  o f  co m p o n e n t  w id th  to  bo lt  d ia m e te r  o f  3:1. M u l t ip le  ro w  bo lted  jo in ts  have variab le  

ra t ios. For the  f i rs t  row  o f  the  jo in t ,  th e re  is a w id th /d ia m e te r  ra t io  o f  5 to  m in im ise  load 

t ra n s fe r  in th a t  region, the  last row  should have a rat io  o f  3, to  m ax im ise  load t ra n s fe r  in 

th e  region. For all o th e r  in te rm e d ia te  rows a w id th /d ia m e te r  ra t io  o f  4 exists [41]. The 

a u th o r  o f  [41] also m ent ions  th a t  an o p t im u m  single ro w  jo in t  has a p p ro x im a te ly  75% o f  

th e  s treng th  o f  an op tim ised 4 row  jo in t .

H ow ever,  the  a u th o r  o f  [41] does state th a t  m any com pos i te  bo l ted  jo in ts  are badly 

designed, con ta in ing  too  m any bo lts  o r  spaced too  fa r apa rt  o r  even using bolts  w hose  

d ia m e te rs  are to o  small. A n o th e r  p rob lem  is th a t  bo l t  bend ing  is m o re  s ign if icant fo r  

com pos ites  than  it is fo r  meta ll ic  com ponents , as com pos ites  are th ic ke r  fo r  a given load 

and m ore  sensitive to  non un i fo rm  bearing stresses because o f  b r i t t le  fa i lu re  m odes [41]. 

F u r th e r  p rob lem s o f  bo lted repairs w e re  iden ti f ied  w hen  co m p a re d  to  bonded  by [43] and 

can be seen in Figure 3-3.

Bonded Repair
-repair

; original crack

_Jf

-skin

Mechanical Repair

repair

stringer

doubler

No damage to structure or hidden components 

Minimizes stress concentrations 

Slow crack growth even on exit from patch 

High patching efficiency, can repair cracks 
Can detect crack growth under patch 
No corrosion problems, sealed interface

[4 4 4 4 4 ~ i
t  *  t 4  4 4 4 4 4

* *  -fc *  f f ■fc *  4,
4 4 4 4 4 4 4  -fc 4
4 4 4 4 * 4 4 4 4
* *  * 4  4 4 4  -fc 4

t  •* -« I 1 4

new crack

stringer

•doubler

Stress concentrations at fastener holes 

Difficult to detect cracks under patch 

Low patching efficiency, cannot patch cracks 

Rapid crack growth on exit from patch 
Danger of corrosion under patch

Figure 3-3: Advantages o f a bonded repair com pared to  a bo lted [43]

It cou ld  be argued th a t  one sign if icant advantage th a t  bo l ted  repa irs  have ove r bonded  is 

th e  s im ple  and m in im a l logistical requ irem en ts .  The too ls  and m ate r ia ls  requ ired  are
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in te rn a t io n a l ly  know n  and recognised. They are easy to  p rocu re  and have a substant ia l 

she lf  life com pared  to  com posites . However, the  p o te n t ia l  w e igh t ,  s t ruc tu ra l  and 

ae rodynam ic  bene fi ts  o f  bonded  repairs may sign if icantly  o u tw e ig h  those  o f  bo lted .

C ons idera t ions  should  also be given to  the  practical im pac t o f  using bo lted  repairs on a 

com p o s i te  s truc tu re . As s ta ted previously, the  very act o f  m ach in ing  com pos ites  can 

w eaken  the  s truc tu re . This w eaken ing  can be co m pounded  i f it is n o t  carr ied  o u t  ca re fu lly  

and correc t ly . An exam ple  o f  th is  is th a t  o f  'b reakou t '  damage, see Figure 3-4, w h ich  is 

caused w hen  a dri l l  is used to  bore a hole th rough  the  th ickness o f  a com pos i te  lam ina te  

[4 4 ], This can resu lt  in s ign if icant de lam ina t ion , sp l in te r ing  o f  th e  o u te r  plies and fray ing  o f  

f ibres.

Figure 3-4: M achin ing dam age to  a com posite lam inate, from  le ft to  right: b reakou t dam age from  hole  
drilling, de lam ination and flaking a fte r m illing [45]

There  is also the  possib il i ty  th a t  dull dri ll  bits o r  incorrec t dr i l l  speeds and feeds cou ld  be 

used [44]. This can easily happen as carbon dust is ex tre m e ly  abrasive and the  pressure 

exe r ted  by the  o p e ra to r  du r ing  hand machin ing is inhe ren t ly  va r iab le . The dr i l l ing  o f  bo l t  

holes is especially d i f f icu l t  w h e n  a co m p o s i te /m e ta l  stack up is used as residual m eta l  chips 

and excessive sw arf  can damage th e  hole [44], This also poses th e  p rob lem  tha t ,  i f  these 

m e ta l  chips are le ft  in the  hole, galvanic corros ion could occur.

Galvanic co rros ion  is a concern  th a t  should be addressed w h e n e v e r  carbon f ib re  and 

m e ta l l ic  com p o n e n ts  com e in to  contact. This is especially t ru e  w h e n e v e r  the  m eta l  in 

q ues t ion  is a lu m in iu m  w h ich  are co m m o n ly  used in aerospace due to  th e i r  high s treng th  

and l igh tw e igh t,  b u t  they  are susceptib le to  localised galvanic co rros ion  [46]. This can 

cause p i t t ing  o f  th e  a lu m in iu m  [46] and can lead to  severe deg rada t ion . One m e th o d  o f  

avo id ing  th is is to  apply sacrif ic ia l materia ls be tw een  the  ca rbon  co m pos i te  and the  

a lu m in iu m  [44]. W i th  regards to  bo l t ing  however, on ly  t i ta n iu m  fasteners  are p e rm it te d  

[4 4 ] fo r  use in carbon f ib re  com posites , due to  its increased galvanic co rros ion  resistance.

Special cons idera t ion  should  also be given to  the  im p lica t ions  th a t  th e  use o f  m eta l l ic  

fas tene rs  w ou ld  have to  the  l igh tn ing  str ike behav iour o f  a com p o s i te  s truc tu re . 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 [9], 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 o f 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 jo int can significantly decrease the maximum peel stress at the jo int 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 jo int 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 lim it 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
Dents

Figure 3-5: Schematic of potted repa ir [34]
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Figure 3-6: A resin repair plug used to  repair a small leak in a com posite gearbox in a Form ula 1 racing car

[34]

The on ly  p repa ra t ion  requ ired  fo r  th is repa ir  type is to  fu l ly  clean the  a ffec ted  area. This 

w o u ld  th e n  be f i l led w i th  a p o t t in g  co m p o u n d  and then  m ade flush w i th  th e  co m p o n e n t  

surface by abrad ing the  excess [34]. A good practice w hen  adop t ing  th is  repa ir  scheme is to  

cover th e  repaired area w i th  speed tape, so as to  prevent, o r  at th e  very  least, l im i t  w a te r  

abso rp t ion  [1]. Repair plugs are genera l ly  on ly  re com m ended  fo r  small area damage, 

usually <12 .5 m m  in d iam e te r ,  as any th ing  larger w ou ld  requ ire  core m a te r ia l  rep lacem en t 

[1]. It should also be no ted  th a t  these repairs are genera l ly  on ly  cons idered  as te m p o ra ry  

repairs  [1],

3.3.2 Resin Injection

As th e  nam e suggests, th is  repa ir  techn ique  involves the  in jec t ion  o f  a lo w  viscosity  resin 

in to  th e  damaged area o f  a s truc tu re . This restores some local stif fness w h e re  the  s truc tu re  

has su ffe red  a d isbond o r  d e la m in a t io n  [34]. It is considered a fast and inexpensive repa ir  

te chn ique  and is popu la r  in bo th  aerospace and mar ine  app l ica t ions  fo r  b o th  p ro d u c t io n  

and repa ir  [35]. Figure 3-7 and Figure 3-8 show  a schem atic  and a resin in jec t ion  repa ir  

tak ing  place on a CFRP c o m p o n e n t .

Repair resin

Vent hole

Figure 3-7: Schematic o f a resin injection repa ir [34]
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Figure 3-8: M in o r chassis repair using resin in jection [34]

The repa ir  m e th o d  involves the  d r i l l ing  o f tw o  small holes in the  c o m p o n e n t  d o w n  to  the  

defect. One hole is used to  in ject the  resin in to the  vo id , w hereas the  o th e r  hole acts as a 

ven t [34], Accord ing to  [35], th is ve n t  can also be a t tached  to  a vacuum  p u m p  to  aid the  

repa ir  process.

However, th is  repa ir  scheme may no t be as simple as suggested. The viscosity o f  the  resins 

used fo r  th is repa ir  are genera l ly  to o  th ick fo r  easy in jec t ion  [34]. There is also th e  act o f  

dr i l l ing  the  holes in to  the  com p o n e n t ,  wh ich  could  easily dam age it f u r th e r  [34]. 

Sophist icated NDT m ethods are also requ ired  in o rd e r  to  m easure  w i th  any ce r ta in ty  the  

location o f  the  damage and the  success o f  the  repa ir [34]. A n o th e r  fa c to r  to  cons ider is the  

possible co n tam ina t ion  o f  the  in te rna l  surface. There is no easy w ay  to  rem ove  

undesirab les such as oil and i f such a possib il ity  exists, th e n  th is  repa ir  w o u ld  be inadvisable 

[35].

3.4 Bonded Repairs

Bonded repairs are those th a t  are re l ian t on the  use o f  adhesives instead o f  mechan ica l 

fasteners. They are a lready used extensive ly  in aerospace; h o w e v e r  they  have been l im i ted  

to  secondary o r  non s tructura l com ponen ts .  They are re l ian t on bond ing  patches to  the  

s truc tu re  to  a l low  load to  be t rans fe rred  across th e  dam age region. T w o main  

con f igu ra t ions  are com m on ly  used: th e  lap o r  doub le r  repa ir  and th e  scarf repair.

The a u th o r  o f  [49] states th a t  th e re  are th ree  crit ical steps in im p le m e n t in g  a bonded  

repair:

1. Design;

2. M a te r ia l  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 jo int 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;

• Adhesive bonding works best for thin structures;

•  Proper surface preparation must be ensured;

•  The best analyses are worthless unless the adhesive can be relied upon to remain 

bonded;

• Laminates need to be dry before bonding;

• To ensure a durable bondline that resists creep, some of the adhesive must be

lightly stressed;

•  Bonded jo int overlaps are usually sized by the hot/wet environmental conditional;

•  Bonded jo int strength is usually lowest in cold environments where adhesives are 

brittle;

• Care should be taken to taper the ends of bondline overlaps down to 0.5mm thick, 

with a 1:10 taper ratio. This is to ensure minimal peel in this region.

• Adhesives work best in shear and a worst in peel. Composites are even weaker in 

interlaminar tension;

•  Acknowledge that the simplistic rule where the strength o f a bonded jo int 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 jo int 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 jo int 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 jo in t 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 fo r  in the fie ld repairs allowing 

a damaged component to be fixed quickly fo r 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

Repair or replace core material
Core material

Figure 3-9: Schem atic o f a sem i-structural bonded doub ler repa ir [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 o f 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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c o n to u r  o f  the  pa ren t s t ruc tu re  and can also, if the patch is su ff ic ien t ly  th ick, app ly  a 

bending m o m e n t  to  the  s truc tu re  and d e tr im e n ta l ly  increase the  stif fness [52].

A m e th o d  o f  lap pa tch ing  used on a u to m o t ive  CFRP s truc tu res  was described in [53], in th is  

case a car ow ned  by the  Swiss Formula 1 team  Sauber, carr ied  o u t  in July 1997. The 

damage, seen as w h i te  scratches and gouges in Figure 3-10, was susta ined w hen  a w hee l 

was pushed in to  the  com pos i te  chassis dur ing  a m in o r  co ll is ion w i th  a wall  [53]. The 

damage was rem oved  and the  o u te r  skin was cham fe red  w i th  a 3 0 m m  w ide  bevelled edge 

p r io r  to  bond ing  [53].

Figure 3-10: Dam age sustained on a composite body F I  car (D am age circled) [53]

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

The pre-cured patch was then  p repared  w ith  the  rep la ce m e n t core m a te r ia l  and bonded  

in to  place w ith  a paste adhesive [53].
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Figure 3-12: Finished repair [S3]

Lap repairs have long been used to  repa ir  fa t igue cracks in m e ta l l ic  co m ponen ts .  The s t i f fe r  

repa ir  patch is bonded to  the  paren t m ate r ia l and a l lows th e  load to  be trans fe rred  across 

the  a ffec ted  area, the reby  p reven t ing  the  fa t igue crack p ropaga t ion  [34], The Royal 

A ustra l ian  Navy (RAN) has used com pos ite  patches to  repa ir  cracking on th e i r  ships super 

s truc tu res  fo r  at least 15 years [33]. This s tudy show ed th a t  patch repairs are indeed a 

v iab le  o p t io n  and a valuable too l  to  naval arch itec ts  w hen  cons ider ing  ship repair. N o t on ly  

w e re  these patches able to  con tend  w i th  the  damage su ffe red  by th e  pa ren t  s truc tu re  bu t 

also w i th  the  w ide  varie ty  o f  e n v iro n m e n ta l  rigours th a t  an act ive naval ship m us t con tend  

w i th  [33]. Lap repairs have also been used successfully on ex isting a irc ra f t  s truc tu res  to  

s ign if icantly  increase the fa t igue life, even w hen  exposed to  adverse h o t /w e t  salt 

e n v iro n m e n ts  [54], The repaired specimens w e re  also sub jec ted  to  low  ve loc ity  im pac t 

dam age and did no t show any sign o f  fa i lu re  [55]. The same w o rk  by [54] also describes 

tests on an A irbus A 330 /A 340  a irc ra f t  and a Boeing 747-300. The doub le rs  on the  A irbus 

experienced 70,000 f l igh t cycles w ith  no evidence o f  d e te r io ra t io n ,  dam age to  the  patch o r  

crack g ro w th  to  the  underl in ing  damage. The Boeing a irc ra f t  had nine in service 

de m o n s t ra t io n  doub lers  on stra teg ic locations o f  the  a irc ra f t  to  a l low  the  m a x im u m  

poss ib il i ty  o f  in-service damage and env ironm en ta l  co n d i t ion in g  [54]. These doub le rs  

experienced a w ide  spectrum o f  service cond it ions, includ ing regu la r and ex tended  per iods  

at -50°C w h ils t  cruising at high a lt i tude . As o f  August 1999, th e  a i rc ra f t  had f lo w n  in excess 

o f  37,000 hours and had experienced 7020 pressure cycles w i th  no ev idence o f  any d o u b le r  

fa i lu re  [54]. S imilar w o rk  conducted by [54] showed th a t  it w o u ld  take  tw o  to  th ree  a irc ra f t  

fa t igue  l ife t imes, o r  72,000 to  108,000 cycles, fo r  a crack to  p ropaga te  1 inch in the  m e ta l  

s tru c tu re  beneath  a re in forc ing  com pos ite  doub ler . These d e m o n s t ra t io n s  may be v ita l in
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genera t ing  con fidence  in bonded repa ir  techno log ies and may he lp  in a l low ing  bonded  

repairs to  be even tua l ly  ce rt i f ied  on a irc ra f t  structures.

Despite the  success o f  these patch repairs, the  w o rk  carr ied  ou t  by [33] did expose th e  fact 

th a t  th e  edges o f  these repairs are an inhe ren t weakness. If m is trea ted , e i the r  by 

e n v iro n m e n ta l  o r  mechanical means, these areas can d isbond. This d isbond  w il l  even tua l ly  

p ropaga te  and also a l low  the  damage in the  parent s t ruc tu re  to  p ropaga te  and g ro w  

unchecked. In th e i r  s tudy  o f  these patches, the  authors  o f [33 ]  s ta ted  th a t  one patch on a 

ship su ffe red  damage f ro m  a pa in t rem ov ing  w a te r  je t  du r ing  regu lar m a in tenance  w o rk  in 

1998. Despite this, the  damaged patch was easily rep laced and no fu r th e r  action was 

requ ired  unti l  2001. Figure 3-13 and Figure 3-14 show  th e  repa ir  design as used by [33] and 

exam ples o f  damage th a t  it sustained dur ing  the  1998 m a in tenance .

1 C F  composite

CiRPpoucctivc byer

CF composite

A lu m in iu m  02-deck.Adhesive bondline

Figure 3-13: D oubler patch repa ir as used by [33], a) the patch com ponents and dim ensions, b) cross sectional

view  of the  patch [33]

Failure analysis o f  bonded  jo in ts  has also been the  focus o f  some inves tiga t ion . These have 

genera l ly  focused on lap jo in ts , bu t th e  f ind ings o f  these inves tigat ions  can easily be 

appl ied , no t on ly  to  bonded  jo in ts  in general, bu t to  bonded  repairs too .

Accord ing  to  [1], th e re  are 4 main fa i lu re  modes fo r  adhesive jo in ts :  A dhe rend  Failure; 

A dhe rend  In te r lam ina r  Tension Failure; Cohesive Failure and Adhes ive  Failure. A dhe rend  

fa i lu re  occurs w hen  the  lam inate  fails away f rom  the  jo in t .  This is the  p re fe rred  fa i lu re  

m ode  in jo in t  design as it shows th a t  th e  jo in t  exceeded the  capab il i ty  o f  th e  lam ina te  [1].
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A dhe rend  in te r lam ina r tens ion  fa i lu re  occurs w hen  peel fo rces act o u t  o f  plane and cause 

the  plies to  frac tu re  and pull apart [1]. P rem atu re  fa i lu re  o f  th e  jo in t  cou ld  ind ica te  th a t  the  

resin m a tr ix  is to o  b r i t t le  fo r  the  appl icat ion and th a t  a to u g h e r  adhesive, o r  a larger 

bond ing  area is required [1].

Figure 3-14: Examples of degraded edges due to  environm ental and m echanical dam age [33]

Cohesive fa i lu re  occurs w ith in  the  adhesive layer [1] and is e v id e n t  w h e n  th e  adherends stil l 

have adhesive on bo th  bond faces a fte r  fa i lure. This fa i lu re  w il l  be in shear, peel o r  a 

c o m b in a t io n  o f  bo th  and indicates th a t  an e ffec t ive  surface p re p a ra t io n  process was used 

pre bonding. If a h igher jo in t  load is required, an adhesive w i th  b e t te r  shear s treng th  

shou ld  be used, o r an a l te rna t ive  bond jo in t  geom e try  shou ld  be designed specif ica lly to  

reduce peel [1].

Adhes ive  fa i lu re  occurs w hen  fa i lu re  propagates along the  a d h es ive /adhe rend  in te rface [1]. 

S im ilar to  cohesive fa i lure, th is can be a com b ina t ion  o f  shear and peel, bu t is ind ica t ive  o f  

an unsa tis fac to ry  surface p repa ra t ion  process [1]. This j o in t  w i l l  no t  achieve design 

s treng th  and w il l  have poor long te rm  du rab i l i ty  if fa i lu re  propaga tes  in th is  m anne r  [1].

3.4.2 Scarf Patch

The scarf con f igu ra t ion  is possibly the  best suited m e th o d  fo r  s truc tu ra l  repair. It is a lready 

used extens ive ly  in secondary structures and are used w h e n  a good jo in t  s treng th  is 

requ ired  [1]. The Scarf Patch m e thod  has the  e n o rm o u s  advantage o f  being 

aerodynam ica l ly  ' f lush ' w hen  designed and m anu fac tu red  p rope r ly ,  o r  a t th e  very  least, 

have m in im a l aerodynam ic e ffect. According to  [35], these repairs  are th e  favou red  jo in t
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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 jo int 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.

Adherend Failure
{(Xitsto# th* JoW)

Adherend Failure 
(Composites Only)

(Adwend Inttrtaftttw Tension)

Cohesive Failure
(PoeSng)

Cohesive Failure
(Snssr)

Adhesive Failure
(PMting)

Adhesive Failure
(S how)

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 o f 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 o f 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

FAILURES SHOWN REPRESENT 
THE BEST POSSIBLE FROM 
EFFICIENT DESIGN 
FOR EACH GEOMETRY

TAPERED-LAP JOINT
a.
if
<5z
UJcc
GO

£
5

DOUBLE-LAP JOINT

PEEL FAILURES

SINGLE-LAP JOINT
BENDING OF ADHERENDS DUE 
TO ECCENTRIC LOAD RATH

ADHEREND THICKNESS, I

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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\ \  arptng due to 
pl\ movement 
during cure

Intact

contmuit)

Honeycomb 
structure at 
h;ise of repair

Figure 3-17: Ply w arping or 'waving' at the  edge of a co cured patch [57]

Scarf repairs are usually  accom pan ied  by a very th in  d o u b le r  pa tch, app l ied  to  the  o u te r  

surface o f  the  repa ir  [34]. These cover plies are bonded using a f i lm  adhesive layer th a t  is 

usually made 3m m  larger than  the  scarf repa ir on all sides [1]. The repa ir  is then  vacuum  

bagged and exposed to  heat in o rd e r  to  cure [35], Their use gives a good qua l ity , ce r t i f iab le  

repa ir  th a t  is favou red  by the  aerospace industry  fo r  secondary  s truc tu res  [35] and could be 

d eem ed  essential by some opera to rs .  Figure 3-18 shows a schem atic , Figure 3-19 shows 

the  process o f  hand m ach in ing  a scarf and Figure 3-20 show s a co m p le te d  scarf repa ir  

carr ied  o u t  on the  Boeing 787 dur ing  its deve lopm en t.

Laminated repair patch
Adhesive

Parent Lam inate

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

It shou ld  be no ted  th a t  scarf repairs can also be s tepped, a schem at ic  o f  w h ich  can be seen 

in Figure 3-21. This involves c reat ing  several steps, usually a t a d e p th  o f  1 ply per s tep in 

the  bond area [1]. The m il l ing  o f  th is  type  o f  repa ir  is subs tan t ia l ly  m o re  d i f f ic u l t  to  achieve 

than  a pure scarf and is even m ore  so on carbon f ib re  com pos ites  th a n  on glass, due to  the  

increased d i f f icu l ty  o f  d iscern ing ind iv idua l plies [1]. W hen  using a s tepped  jo in t ,  it is usual 

th a t  an over lap  o f  12.5 to  25 m m  is used per ply and the  layup o f  the  repa ir  plies should be 

the  same as th a t  o f  the  paren t co m p o n e n t  [1],
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Figure 3-19: Scarf being m achined out by hand [44]

Figure 3-20: Com pleted scarf repair [44]

An analysis o f  scarf jo in ts  in tens ion , conducted by [55] fo u n d  th a t  2 possible fa i lu re  modes 

exist. These w e re  found  to  be f ib re  pu l lou t and frac tu re  and a cohesive shear fa i lu re  in the  

adhesive w ith  l i t t le  to  no f ib re  pu l lou t. The study conduc ted  by [55] analysed the  e ffects o f  

va ry ing  the  scarf angle f ro m  0° to  5°. It was found  th a t  a t an angle o f  app ro x im a te ly  2° a 

t ra n s i t io n  f ro m  th e  f ib re  p u l lo u t  mode to  the  cohesive shear m o d e  to o k  place [55].

Figure 3-21: Schematic of a Stepped Joint [34]
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Figure 3-22: Images of th e  fib re  pullout and cohesive shear fa ilure m odes, labelled a) and b) respectively [55]

A n o th e r  study, conduc ted  by [58] analysed a w id e r  array o f  scarf angles than  [55] analysing 

2, 3, 6, 9, 15, 25 and 45° scarf angles. In add it ion  to  the  cohesive shear in th e  adhesive th a t  

was seen by [58], the  w o rk  by [58] also found  a no the r  fa i lu re  m ode , w h ich  com pr ised  o f  a 

m ix tu re  o f  cohesive and in te r / in t ra la m in a r  fa i lure. It was observed  th a t  the re  was no 

vis ib le crack in i t ia t ion  fo r  the  cohesive shear fa i lu re  o f  th e  adhes ive [58], w h ich  suggests it 

was b r i t t le  in na tu re . There was how ever ev idence o f  dam age in i t ia t io n  s l ightly  be fo re  

fa i lu re  in the  m ixed cohesive and in te r / in t ra la m in a r  fa i lu re  [58]. The au tho rs  o f  [58] also 

sta te  th a t  the  cohesive fa i lu re  o f  the adhesive occurred at th e  h igher angles o f  15, 25 and 

45°, w hereas  the  rem a in ing  sha l low er angles 2, 3, 6 and 9° fa i led  via th e  m ixed cohesive 

and in te r / in t ra la m in a r  fa i lu re  mode [58].

3.5 Bolted or Bonded?

One ques t ion  th a t  w il l  inev itab ly  be asked once com pos ite  s truc tu res  have taken dam age 

w il l  be on the  na tu re  o f  the  repair. W ill  it be bo lted  o r  bonded?  M ichae l Hoke, p res iden t o f  

Abaris T ra in ing Resources Inc. based in Reno, Nevada in th e  USA, was q u o te d  in an art ic le  

[44], s ta t ing  tha t :  "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 show n in C hapter 3.1, it w ou ld  appear th a t  th e  d isadvantages o f  bo l ted  repairs 

s ign if ican tly  o u tw e igh  the  benefits . However, the  w ide  b re a d th  o f  experience th a t  

eng ineers  and techn ic ians have w ith  bo lted schemes m ig h t  m ake th e m  seem m ore  fa m il ia r  

and th e re fo re  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 o f 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 [4 4 ]:"The huge advantage o f 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 je t 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. Co nsideratio ns  for  th e  

Bo nded  R epair  of Com posites

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 i f  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 o f 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 [59]. 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 o f patch disbonding during the remaining life o f 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 requ ired , extra deta i ls  can then  be in troduced  [59]. These can th e n  be tes ted  

to  measure the  in f luence o f  th e  d if fe rences  be tw een the  real repa ir  and the  generic  case 

[59],

Earlier w o rk  by the  same a u th o r  [60] suggests th a t  a W edge  Test be ado p te d  as the  

princ ipa l acce le ra ted  tes t fo r  b ond ing  surface t re a tm e n t  qu a l i ty  con tro l.  A w edge  te s t  is a 

s tandard  m e th o d  to  d e te rm in e  th e  adherends surface p repa ra t ion  and th e  d u ra b i l i ty  o f  the  

adhesive and is descr ibed in ASTM D3762 [63]. It involves im pac t ing  a w edge  d o w n  the  

bond line , th e re b y  sp l i t t ing  th e  adherends and a l though it is p r im a r i ly  qua l i ta t ive  in na tu re , 

th e  data ga thered  can be used to  d e te rm in e  crack g ro w th  rate and fa i lu re  modes. The main 

cha l lenge associated w i th  th is  h o w e ve r  is to  corre la te  th e  w edge  tes t w i th  the  fa i lu re  

p robab i l i ty ,  possibly based on service experience [60],

Composite  A dherend
W edge

Adhesive Bondline

Figure 4-1: Schematic of standard w edge test

Baker [59] then  ou t l ines  his d ra f t  proposa l o f  bonded com pos ite  repa ir  fo r  bo th  co m pos i te  

and m eta ll ic  s truc tu res , descr ib ing  th e  deve lopm en t o f  a generic  repa ir  database am ong  

o th e r  requ irem en ts .  He does state how ever th a t  th e  d ra f t  proposal w il l  "require 

considerable refinement and validation" [59]. A n o th e r  ce r t i f ica t ion  m e th o d  was p roposed  

by Jones et al. [64], w h ich  also inc luded a re q u ire m e n t fo r  a su itab le  in-service inspect ion  

p rog ram m e.

Baker [60] also describes and discusses how  cert i f ica t ion  re q u ire m e n ts  can be m ade less 

s tr ingen t  by the  use o f  "S m art Patches". This approach uses S truc tu ra l  Health M o n i to r in g  

(SHM) via e m bedded  stra in  gauges and chemical sensors to  d e te c t  any d e te r io ra t io n  a n d /o r  

chem ica l species. Using these  sensors in a co m p le m e n ta ry  fash ion  should  p rov ide  a 

w a rn in g  o f  im pend ing  bond  d e te r io ra t io n  [60]. This approach  was successfully 

d e m o n s tra te d  on te s t  spec im en dur ing  th e  deve lopm en t o f  a b o ro n /e p o x y  lap d o u b le r  fo r  

an F - l l l  w ing  p ivo t f i t t in g  and appears techn ica lly  feasible bu t may on ly  be econom ica l ly  

v iable fo r  costly p r im a ry  s tru c tu re  repairs due to  its com p lex i ty  [60], Baker [60] also goes 

on to  s ta te  th a t  desp ite  m aking th e  ce r t i f ica t ion  o f  bonded  repairs easier, th e  use o f  sm ar t 

patches w il l  bring th e i r  o w n  p ro b le m  o f  re l iab i l i ty  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 jo int 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 (Tg) [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 o f+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]. After a 

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:

•  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].

• 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.

• 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 o f the importance of ensuring, 

the conductive integrity not only of a repair, but of the aircraft as a whole.
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~i

Discharge or local Joule heating

(B)

Figure 4-2: (A-C) Schem atic of dam age m echanism  Figure 4-3: (A-C) Schem atic o f dam age m echanism  

on a repair patch near th e  surface [66] fo r a deep strike on the  repair patch [66]

4.4 Ensuring Bondline Integrity

One p rob lem  th a t  bonded  repairs have is th a t  the  in teg r i ty  o f  the  bond line  can be an 

u n kn o w n . Current ly , it can on ly co rrec t ly  be d e te rm ined  by des truc t ive ly  tes t ing  the  repair. 

O f course, th is  is no t ideal and ra the r coun te rp roduc t ive .

One proposed so lu t ion  th a t  has been g ran ted  a pa ten t is to  use an ind irec t tes t  piece on o r  

in th e  same co m p o n e n t  th a t  the  repa ir  is being carr ied ou t  on [67]. This concep t proposes 

th a t  a small f ix tu re , o r  tes t e lem ent, measuring no m ore  th a t  30 o r  50 m m  in d ia m e te r  is 

bonded  to  the  orig ina l s truc tu re  [67], Torsion is then  appl ied to  th e  f ix tu re  to  ascerta in th a t  

th e  adhesive has bonded  correctly , w h ich  by proxy, proves the  e ffec t iveness o f  the  bond  in 

th e  repa ir  [67],

Despite the  fact th a t  th is  is a pa ten ted  possible so lu t ion, th e re  are certa in  f law s in using th is  

approach . Firstly it is an ind irect test, mean ing  tha t ,  even i f the  te s t  f ix tu re  gives a pos it ive  

resu lt, the re  is no guaran tee  th a t  the  bond line  in the  repa ir  w il l  p e r fo rm  we ll .  Secondly, the  

tes t ing  a n d /o r  rem ova l o f  the tes t f ix tu re  may cause add i t iona l  dam age to  the  pa ren t

local Joule heating

Expanding gas (C)
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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 jo int 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].

:

t 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
i \
• j 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 o f 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. T he  Scarf Co n fig u r a tio n

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 lim it 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 Scarf Design
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 

jo int 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 o ff [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 obv ious  advantages o f  the  pre-cured m e thod  are: the  ab i l i ty  o f  l im i t ing  ply w a rp ing  in 

th e  repa ir  patch; m atch ing  the  parent s tructures m ater ia l p ro p e r t ies  and th e  s im p li f ied  cure 

re q u ire m e n ts  th a t  are d ic ta ted  on ly by the  adhesive [74]. The a u th o r  o f  [74] describes how  

a m o u lded  pre-cured patch was used on a ca rbon /epoxy  ho r izon ta l  s tab i l iser fo r  a F/A-18 

f ig h te r .  The damage and scarf cavity was rem oved via CNC m ach in ing  and th e  patch m ou ld  

c rea ted  using data on the  skin th ickness and curva tu re  o f  th e  o r ig ina l s tab i l iser [74]. The 

resu lt ing  patch f i t  was exce l lent and u ltrasonic inspection o f  the  repa ir  show ed  it to  be free  

o f  vo ids and o th e r  defects  [74].

Despite the  use o f  a m ou lded  pre-cured patch on the  F/A-18 as described by [74], it w o u ld  

appea r th a t  upon com par ing  the  m anufac tu r ing  m ethods, th e  m ach ined  hard patch is m os t 

l ikely the  best approach  available. This m e thod  w ou ld  p roduce  a supe r io r  qua l i ty  patch 

m o re  easily and can also be inspected p r io r  to  being bonded  in to  place, th e re b y  ensuring its 

qua l i ty .  The fact th a t  m any engineering w orkshops n o w  have C o m p u te r  N um erica lly  

C on tro l led  (CNC) m ach in ing  capabil i t ies also means th a t  th is  m a n u fa c tu r in g  concep t is also 

possib ly easier than  the  m ou lded  m e thod . All th a t  is requ ired  is a lam ina te  o f  app ro p r ia te  

m a te r ia l  and a su itab le  c o m p u te r  mode l fo r  the g e o m e try  to  be m ach ined . It is pe r fec t ly  

feasib le  th a t  th is  m e th o d  could become com p le te ly  a u to m a te d ,  g iven the  co rrec t 

in ve s tm e n t and deve lopm en t.

One cons idera t ion  th a t  m ust be made when m anu fac tu r ing  th e  repa ir  patches is lam ina te  

sym m e try .  W hen  cured, unsym m etr ica l lam inates w a rp  cons iderab ly  as can be seen in 

Figure 5-1. In some app lica t ions th is may be useful, o r  even des irab le  [75], bu t is usually 

u n w a n te d  and avo ided. This w arp ing  is caused by the  s ign if ican t th e rm a l  forces and 

m o m e n ts  th a t  deve lop  dur ing  the  cool dow n  stage a fte r  cur ing  and are due to  the  d i f fe r ing  

th e rm a l  con trac t ions  th a t  each ply w ou ld  experience due to  th e i r  o r ie n ta t io n  [75].

Figure 5-1: Cured unsym m etrical lam inates [75]

Several w o rks  on bonded scarf repairs also note the  use o f  covering , o r  sacrificial plies [74, 

76-79]. These are usually  used on scarf repairs as they  p ro te c t  th e  de l ica te  scarf t ips and
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improve damage tolerance. In the study conducted by [77] it was concluded that an 

overply increases jo int 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 o f predicting the strength o f 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 jo int 

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]:

•  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.

•  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 D ifferent Patch M anufacturing  M etho ds  [74]

Soft Patch 

(Composite pre-preg)

• Simpler manufacture
• Excellent conformity
• Mould not required

BUT
• Patch properties w ill not match parent 

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

H ard Patch, M ou lded 

( Composite)

• Excellent quality patch, matches parent 
laminate 

• No distortion of plies 
• Prior NDI possible

• Lower temperature application (adhesive
control)

• Out-of autoclave 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 

(Composite)
(Titanium a lloy sheet 

lam inate)

(Titanium a lloy blank)

• Excellent quality patch all as above
BUT

• Distortion and machining problems,
composite patch 

• Residual stresses, metallic patch
• Stiffness mismatch, solid metal patch

• Requires NC machining

Semi-Hard Patch 

( Composite laminates)

• Can cure at lower temperature depending on
adhesive interleaf

• Prior NDI possible (w ith d ifficulty) of
individual layers

• Flexibility depends on the sub-laminate
thickness 

• No need for a mould 
BUT

• Patch 'diluted' w ith adhesive layer, may need 
to alter lay-up to compensate (ideally need thin 
interleaving adhesive, approximately 0.05 mm)

• 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 w ill cause problems
• Will be more suited to step jo in t configuration

rather than scarf
• May have problems achieving full flush

configuration due to patch dilution
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The a u th o r  o f  [26] states th a t  the  m a jo r i ty  o f  these m e th o d s  have been based on 

ca lcu la t ing local shear and peel stress d is tr ibu tions, w h ich  are th e n  used to  es t im a te  jo in t  

s t reng th  based on designed overlap lengths [26]. It was also po in ted  o u t  in [26] th a t  a 

m in o r  f la w  in these m e thods  is th a t  they  analyse the  bond line  and adherends  as separate 

en ti t ies . Ideally, bo th  o f  these should be analysed as a s ingu lar co m p o n e n t ,  h o w e v e r  do ing 

so w il l  be e x trem e ly  com p lex  [26]. C urrent ly  m e thods  on ly  accoun t fo r  s tat ic s treng th  

fa i lu re  o r  damage g ro w th  under static  load [26]. There is a d is t inc t  lack o f  dam age 

to le rance  m e thods  cons ider ing  the  damage in it ia t ion  and g ro w th  unde r  o p e ra t iona l  loads 

[26]. The a u th o r  o f  [26] continues by saying tha t, in o rd e r  to  ensure  th e  in teg r i ty  o f  a 

bonded  s truc tu re , th e  fo l low ing  aspects need to  be cons idered: s t ru c tu re  type  (p r im a ry  o r  

secondary  s truc tu re , single o r  m u lt ip le  load path); load ing type  (tensile , com press ive  o r  

shear); damage type  ( inc luding the  damages observed in service) and ope ra t iona l  

e n v i ro n m e n t  ( te m p e ra tu re  and m o is tu re) [26].

The M o n te  Carlo s im u la t ion  m e th o d  has been used to  analyse scarf jo in ts  and repairs and is 

cons idered  as the  m ost re l iab le analysis m e thod  [86]. H ow ever, due th e  random  na tu re  o f  

th is  m e thod ,  the re  is also a great deal o f  d i f f icu l ty  in es t im a t ing  e rro rs  [86]. As a resu lt  it is 

no t  a suitab le  m e th o d  fo r  repair design as the in teg r i ty  o f  the  repa ir  p roduced  f ro m  th is  

m e th o d  canno t be guaran teed .

H ow ever, w o rk  show n  in [7 4 ]1 and in [57, 70, 74] have crea ted  s im ple  analy t ica l equa t ions  

fo r  scarf jo in ts . These w e re  found  by resolving the  fo rces fo u n d  in an idealised scarf, show n  

in Figure 5-2:

Figure 5-2: Idealised scarf region  

P s in  0 cos 6
7  =  ~ Equation 5-1

W h e re  r  is the  shear stress in the bondline, P represents  th e  tens i le  load, t  the  lam ina te  

th ickness and 0 th e  scarf angle.

1 It should be noted tha t the equation shown in the work published by Baker is incorrect. The P and 
r  should be swapped around. Correspondence w ith A. A. Baker has confirmed tha t 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 th a t  w ith  increasing scarf angle, fa i lu re  load P  decreases rapid ly. 

There fo re  it can be s tated th a t  th is  equa t ion  proposes th a t  a sha l low e r scarf angle is 

p re ferab le . This m e th o d  may h o w e ve r  be too  s implis t ic  fo r  a fu l l  repa ir  and m ore  w o rk  may 

be necessary to  deve lop  th is fu r th e r .

The a u th o r  o f  [87] also came to  th is  conclus ion and sta ted  th a t  the  analysis is l im i ted  to  

very  small scarf angles, no g rea te r  than  1.9° o r a ta p e r  ra t io  o f  1 /30 . H ow ever, th is  m ay be 

to o  conserva t ive  an assessment by [87].

W o rk  conduc ted  in [76] der ived s im ila r  equa t ions  to  describe the  average shear and peel 

stresses in a scarf, show n in Figure 5-3:

/  \  \  P  t  '1
X, t

« H
Overlap length L  ^ D

►« ►
Ln Ln  '

Figure 5-3: Structural m odel representing one-sided repa ir to  partia l depth dam age [76]

°a pp l ied  . n n
T — — — S in  6  COS 6  Equation 5-2

1 + 5

°ap p l ied  . 7 „ „
Or — ----------------- S in  0  Equation 5-3

C 1 + 5

w h e re  r  and crc d e n o te  the  shear and peel stresses respective ly , oapvlied is the  app l ied  

stress, 6 symbolises th e  scarf angle, t  the  th ickness and 5  deno tes  th e  stif fness rat io :

Epatchtpatchs = p  t  Equation 5-4
c p a r e n t l parent

w h e re  E is the  s tif fness o f  the  m ate r ia l.  Again, these equa t ions  are fa ir ly  s implis t ic ; bu t 

th e y  do show  th a t  bo th  the  adhesive shear and peel stresses increase rap id ly  w i th  scarf 

angle in th ro u g h  th ickness jo in ts  [76] fu r th e r  co n f i rm in g  th a t  a sha l low  scarf angle is 

p re ferab le .

The au tho rs  o f  [70] pe r fo rm e d  an elastic analysis on th e  average shear and peel stresses o f  

a scarf repair, Tav  and o av  respective ly. The m ode l used can be seen in Figure 5-4:
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a

•yy

b
0„

Figure 5-4: Structural models for: (a) a scarf repair subjected to biaxial stresses and (b) an equivalent scarf
joint [70]

and the equations used are shown here:

axx sin 20
Equation 5-5

<7a v  ® xx  sift @ Equation 5-6

According to computational results these equations work well for isotropic adherends and 

the shear stress concentration factor Ka can be written in terms of the average shear stress 

via the following expression [70]:

— EaT( Equation 5-7

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

and stiffness ratios Ex/E y\

1

M -L n  ^45 I „  ^90  Equation 5-8
P 0 +  r4 5  +  P 90 ~ p 7E0

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 jo int 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 

jo int and obtain an optimal scarf angle. According to this method, for a given adhesive, the 

optimal scarf angle occurs when the laminate limiting strength sl equals the adhesive 

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

&optimal ~  9  s ^n
E K ££un- notched J

Equation 5-9

Where xY is the adhesive yield stress, yuit and yY are the adhesives ultimate and yield 

strain respectively, K E is the von Mises strain concentration factor and £Un-notched iS 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:

1.0

0 . 8 -

0 . 6 -  •

o>
0.4-

0.2 -

0.0
4 50 1 2 3 6

Normalised maximum shear strain y „ f y v‘max • t

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-av _  (  Ymax \
=  9 V Yy )

> (Ymax — yv) Equation 5-10

with

g(x)  =  1 -
a

Equation 5-11X  +  /?

The parameters a  and /?are found by curve fitting the FEA results, shown in Figure 5-5

62.



The Scarf Configuration

The au thors  o f  [70] conc luded th a t  th is is an im proved  te ch n iq u e  to  c u rre n t  cons tan t shear 

analysis techn iques, as it accounts fo r  sti ffness va r ia t ion  in the  com pos i te  adherend . This 

w o rk  also con f i rm ed  th a t  peak local stresses occur at th e  te rm in u s  o f  0° plies, aw ay f ro m  

the  adhesive cen tre  line [70]. This caused some overly  o p t im is t ic  j o in t  s t reng th  pred ic t ions , 

w h e re  0° f ib res w e re  at the  lam inate  surface [70], The au tho rs  sta te  th a t  fu r th e r  w o rk  is 

requ ired  to  im p rove  th is  analysis techn ique  [70]. H ow ever,  it should  be no ted  tha t ,  in 

aerospace s truc tu res  at least, the  practise o f  having 0° plies at, o r  near, th e  surface o f  a 

lam ina te  is genera l ly  avo ided. This practise has been adop te d  so as to  avoid dam aging the  

load 0° plies f ro m  co m m o n  surface damages, such as scratches o r  gouges. As a result, it 

m ay be possible to  use th is  analysis m e thod  in its cu r ren t  fo rm .

An issue th a t  is no t addressed by any o f  these m e thods  is th a t  o f  the  scarf t ip  ge o m e try .  

These m e thods  assume th a t  the  scarf t ip  is machined to  a kn ife  edge po in t .  In reality, th is 

canno t be the  case due to  the  f ib rous na ture o f  the  m ate r ia l.  A t te m p t in g  to  do so w il l  

cause scarf t ip  ' fea the r ing ',  see Figure 5-6, which is e x trem e ly  d e t r im e n ta l  to  the  in te g r i ty  o f  

the  com pos ite  c o m p o n e n t .  Ply t r im m in g  is one way to  avoid th is  ' fea the r ing '  and it is 

exp lo red  la te r in th is  w o rk  in Section 8.4. As a result, accord ing  to  [87], the  e ffec t o f  scarf 

t ip  g e o m e try  has no t been taken in to  account as most, i f  n o t  all, m e thods  cu rren t ly  

p roposed  assume a knife edge geom e try  in the  scarf. A ccoun t ing  fo r  a t r im m e d  knife scarf 

t ip  can lead to  a va r ia t ion  in scarf jo in t  s trength  pred ic t ions  [87],

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

W o rk  carr ied o u t  by [89] on the  analysis o f  scarf jo in ts  led h im  to  conc lude  th a t  a set o f  5 

d i f fe re n t ia l  equa t ions  w o u ld  p red ic t the  behav iour o f  scarf jo in ts  w i th  s im ila r  adherends 

and, m os t notab ly , w o u ld  accoun t fo r  a f in i te  adherend t ip  th ickness and peel.
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i i y, v,, v .
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Figure 5-7: Load equilibrium of the scarf joint overlap region [89]

dx _
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Vrt-dV:
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Mrt-dM:

M ; V2 dx

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: 

dT1
—  +  Cx x  sa{x) - C 2 x ya(x) =  0 
ax

dVr
—  -  C3 x sa(x) -  C4 x  ya(x) =  0

dM1
dx

+  C5 x  Tx(x) -  Vx(x) - C 6 x £a{x) +  C7 X  ya(x )  =  0
Equations

5-12

d 2Ya .  d T t  .  d M t  .  ,   ̂ „
2 8 *  T 2  9 X  - ^ 1 0  X  7 i ( x )  — X

d2£n

dx

dTx

dx

dMx
— ^ 5  x  T^x) — C16 x Mi (x )  — C17

Where the a subscript denotes the adhesive values and the C and C 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 Vlt the moment force M1; 

and the normal force Tlr which were equal to 0 due to free edges [89]. Another three 

boundary conditions from the edge loads, Tllt Vllt and M1X were also applied [89]. The 

edge bending moment Mlx  was calculated by using the Hart-Smith 'k-factor method' [89].
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Vn is then calculated using equilibrium considerations and T±1 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:

ds

x=o d x

de
dx Equation 5-13

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
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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 jo int 

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 

jo int [70].

It should also be noted that modelling scarf joints as a stepped joint, or by using a stepped 

jo int 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 jo in t or repair is that of 

the scarf angle itself and its effect on the performance of the jo int or repair. As one would 

suspect, the mechanical properties of a scarf jo int 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 [55] 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 jo int 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 jo int 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 jo int 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
!
I 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. M a th e m a tic a l  A nalysis  of 

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

Q u  =  Q u  cos4 0 +  2{Q12 +  2 Q66) sin2 0 cos2 0 +  Q22 sin4 0

Q12 =  (Q11 +  Q22 -  4<?66 ) sin2 0 cos2 G +  Q i2(sin4 G +  cos4 G)

Q22 =  Q11 sin4 0 +  2{Q12 +  2Q66) sin2 G cos2 0 +  <?22 cos4 0

(?16 =  (C?11 -  Q12 -  2(?66) sin 0 cos3 0

+  ((?12 -  (?22 +  2Q66) Sin3 0 cos 0

<?26 =  (C?11 -  Q12 -  ZQee) sin3 0 cos 0

+  (Q12 “  Q22 +  2(?66) sin 0 cos3 0

@66 =  (@ 11  +  Q22 ~  2Ql2 ~  2^66) sin2 0 cos2 0 

+  Q66(sin4 0 +  cos4 0)

The stress-strain relations in random in-plane coordinates are useful ir 

laminate stiffness due to the random orientation of the basic lamina [93]. 

6-1 and Equation 6-3 can be considered as stress strain relations for the 

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

fa }*  =  [QLfelfc

Equation 6-1

Equation 6-2

Equation 6-3

Equations 6-4

i defining the 

Both Equation 

k thlayer o f a

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 o f 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 yxz =  yyz =  0 true [93]. It 

should also be noted that the strain perpendicular to the mid-surface is also ignored, 

therefore sz =  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 u0, where 

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

z,w

2

UNDEFORMED DEFORMED
CROSS SECTION CROSS SECTION

Figure 6-1: G eo m etry  o f deform ation in th e  x-z  plane [93]

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

Cis given as:

u c =  U q — Z c(3 Equation 6-6

However, as ABCD remains normal to the mid-surface, (2 is the slope of the mid-surface in 

the x direction:
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dWn
R = ----------------------------------------- Equation 6-7
p dx

so the displacement, u, at any point z  through the laminates thickness is:

dw0
U  =  U q — z — —  Equation 6-8

OX

Similarly:

dw0
V  =  Vn — Z ------  Equation 6-9

dy

So, as a result of the Kirchoff hypothesis, the laminate strains have been reduced to: £x; sy 

and YXy> therefore the strain in the x direction, the y  direction and the xy shear strain is:

£z ~  Yxz ~  Yyz  =  0  Equation 6-10

For linear elastic problems, the remaining strains are:

du
dx

dv
Ey =  — Equations 6-11

dy

du dv 

Yxy= dy +  f c

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

du0 d2w0 
£v =  —  z -

dx dx2

dv0 d2w0
E =  — z —  Equations 6-12
* dy dy1

du0 dv0 d2w0
x̂y dy +  dx dxdy

or, in matrix form:
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£x r £ ° i Kx -
£y = £y + Z Ky

.Yxy. .Yxy. Kxy.

Equation 6-13

where the mid-surface strains are:

r du0 I

r f° i dxCx

£y
dv0

y
, , o dy
Yxy du0 dv0 

.dy d x .

Equation 6-14

and the mid-surface curvatures k x , k v  and Kxy  are:

lxy.

d 2 W 0

dx2
d 2 w 0

dy2
d2w0

Equation 6-15

dxdy.

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 similar to y =  mx +  c [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 £y term in Equations 6-11 with ^  [93].

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

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

curvatures as:

° x ' Q n Q l2 Q l2 " £ ^

a y = Q l2 Q22 Q26 £y
T r y . -Q l6 Q26 @ 66. k .Yxy

+  z Equation 6-16

QtJ 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].

74.



Mathematical Analysis of Composite Structures

X
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OfSTRSUTlON 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:

t t

Ny =  f ]<rxdz Mx =  j 2t a, zdz Equation 6-17

Where Nx is force per unit width of the laminates cross section and Mx 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].

z

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

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

'N x - t
r  *7 - ° x -

N y
=  ) Oy

N Xy J -L
2 Jx y .

- i f
r  CTy

-xy.
dz Equation 6-18

and
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Mx t
Cl ° x '

My
=  t ° y

M x y
J - L

2 Txy .
zdz

n

- Z L

' zk

Lxy.
zdz Equation 6-19

where n is the number of layers and zk and zk^1 are the coordinates at the top and bottom 

surfaces of the /cth 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:

Equation

6-20

[AU n 
v—1 Q i i Q l2 Ql2

Ny = 1 Q l2 0.22 Q26

N Xy k = l ■ Q l6 Q26 (?66-

Czk r zk K X '[ 4 dz +  1 Ky zdz

k
Jzk- 1 .rSy. ■'Zfc- 1 .Kxy.

N x ' n 
\ —1 Q n Q l2 Ql2 Czk

£®CX
Ny

=  1 Q 12 0.22 Q26 / £y
N xy k = 1 &~6 Q26 Q 66. k

Jzk- 1 y£y.

zdz

+
r zk

■'zfc-i

Kx -
Ky z2dz
KXy

Equation

6-21

giving:

Mx y

N x ' ^ 1 1
N y = ^ 1 2

N Xy ■^16

M x \Bu
M y = b 12

B16

^12
-̂ 22
•^26

#12
&22
&26

^16
^26
^ 66-J

*16
^26
#66

pO.cx , £y, r£y; Kx, Ky and

£  ̂CX B n B \ 2 b 16

4 + B 12 B 2 2 B 26

r£y. I b16 ^26 Bee

£0 cx D n d 12 0 1 6
£y + 0 1 2 0 2 2 0 2 6

YXy. -016 0 2 6 0 6 6

lxy.

r /c ,

Lxy

Equation

6-22

Equation

6-23
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where:

n

^ij — zk - l )
k=1

n

Equations 6-24

k=1

n

Du =
fe=l

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].

■-LAYER NUMBER

Figure 6-4: G eom etry of an n layered lam in ate  [93]

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

represents the interlaminar shear stiffness:

I

MIDDLE SURFACE

i .

Equation 6-25

where
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k= 1

Equation 6-26

with tk given as the thickness of an individual lamina k and is the coordinate of the mid 

surface of the ktb 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: Undeform ed and deform ed geom etries of an edge p late under th e  assum ptions o f FSDT [95] 

Using the same assumptions as in CLT, the displacement field o f the first order theory is:

y

X
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u(x, y, z, t)  =  uQ (x, y, t )  +  z(px(x, y, t)

v(x, y, Z, t )  =  V 0 (x, y, t )  +  Z(j)y  (X, y, t)  Equations 6-27

w(>; y ,z , t)  =  w0(x ,y , t )

where u0, v0, w0, (px and (py are unknown functions to be determined. Again, uQ, v0 and wQ 

represent displacements of a point on the plane z =  0 [95]. It should be noted that:

du dv
dz ^x dz

= (px —  =  (py Equations 6-28

therefore, (px and (py 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 px and (3y denote rotations about the x and y  axis respectively. So, 

from following the right hand rule:

Px ~  “ 0 y  P y ~  *Px Equations 6-29

The quantities u0,v0,w0,(f)x and <py 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 0y should approach the slopes of the transverse deflection:

dw0 dw0
(hv =   df = -------------  Equations 6-30

dx y dy

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

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

du 1 /d w \ dv 1 / d w \ ‘
£xx d x ^  2 \ d x )  Syy dy +  2 \ d y )

dw 1 /du dv dw dw\  Equations

£zz dz £xy 2 V d y +  dx dx dy )  6-31

1 (du dw\ 1 (dv dw\
£-xz ~ I ~ I " I £v? — ” 1 “ H ” I2 \dz dx) yz 2 \dz  dy)

79.



Mathematical Analysis of Composite Structures

we get:

=  du° 1
dx 2 \  dx )

d(px
dx

_  fd u 0 dv0 dw0 dw0\  fd(px 

W + ~ t e + - f c - d i )  + z ' —  +dy dx

-yy
_  dv0 1 /d w 0\ 2 d<py

dy  2 V dy )  +  Z dy

Equations 6-32

Yxz ~
dwc

dx

dw0
Yxz =  Qy "f" 0y =  0

It should be noted that the strains exx, £yy and yxy are linear through the laminate 

thickness, whereas the transverse shear strains yxz and yyz 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:

Y£XX̂
£ y y

Yyz
Yxz
Yxy.

rP(°h
t XX

4°y

ri?
v g j

► +  Z  <

cxx
£(1)fcyy
y (1 )Yyz

y « } 

'- / iy  .

Equations 6-33

Y£xx
£ y y

Yyz 0 
Yxz 
Yxy .

duo 1 /d w 0 Y 
dx 2 \ d x )  

dvo 1 Zdwo V 
dy 2 V dy )  

dwn
—  +  <l>ydy
dw0

dx + 4>x
du0 dv0 dw0 d w0 

. dy ^  dx ^  dx dy J

► -I- z<

d<t>x
dx

d<t>y
dy
0
0

d$y
V d y  dx J
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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 =  u0 +  zcpx +  z 2 9 x  +  z 3Xx

w =  w0

(px, (py, 6X, 6y, Xx and Xy are functions that need to be determined. As a result we have: 

u 0 =  u(x, y, 0, t) v0 =  v(x, y, 0, t)  w0 =  w(x, y, 0, t )

v -  v0 +  z(px +  z 2Qy +  z 3Xy Equations 6-34

Equations

6-35

z  =  0 z = 0

6 X y  =
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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z,w

undeformed

(u,w)'
C L P T

F S D T  |

(u,w)

TSDT

Figure 6-6: D eform ation of a transverse norm al according to Classical, First O rder 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:

<*xz ( x , y , ± ^ , t j  =  0  Gy z  [x,y,  ±  ^ , t )  =  0 Equations 6-36

which in strain terms becomes:

0 =  Gxz( x , y , ± ^ , t j

=  QssYxz ( x ,y , ± ^ , t j  +  Q45yyz [x,y,  ± t )

Equations 6-37

0 =  ayz (x ,y , ± ^ , t ^

=  QasYxz ( x ,y , ± ^ , t }  +  Q44yyz (x,
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and for arbitrary terms, Qij\

(  h \  dw0 „ _ x
0 =  Yxz y> ±  2 ' t )  =  t x  +  - f a  +  ( 2 z d x +  3 z  Ax \ = ± h

(  h \  dw0 , _  .

0 =  yyz (x, y, ±  - ,  tJ =  <py +  +  ( 2zQy +  3z Ay)z=+h
dy

As a result, the dependant unknowns are reduced to:

dw0 (  3h2
<t>x +  - j f a  +  ( ~ h 6 x +  ~ j ~ A x  ] =  0

dw0 f  3 / r  .
$ x + - f a r  + [ h O x + — Ax ) =  0

or:

dwQ (  3h2 .
^y +  'd y ' +  \ ~ h6y + ~4~Ay ) =  0

dw0 (  3h4 .
<t>y + —  + f h 6 y  + —  X y ) = 0

4 /  3w0\
~ 3 ^ ( ^ + 'd 7 )

4 /  3w0\
a' ' = - 3^ K + 1 7 ) ^  =  0

Equations 6-38

Equations 6-39

y 3h2 V y ’ dy

The displacement field, Equations 6-34, can now be expressed in terms of u 0, v0, w0, 4>x 

and (py using the relationships in Equations 6-39 [95]:

u{x, y, z, t )  =  Uq (x, y, t) +  z<px{x, y, t)

4 „ /  dwr4  _ /  ow0\

- 3 ^ ( fc+ar)

vO , y, z, t )  =  170 (x, y, t)  +  z0 y (x, y, t)

4 /  Equation 6-40

" 3 ^ Z

w (x ,y ,z , t)  =  iv0(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].

Equation 6-41

(Yyz} _  [4?] +  ;W (y(?j
(2)'

Yyz

y (2)J  X Z  >

Equation 6-42

where c2 =  3cx and c± = — :

rP(oh
X X

4 y

O '® .

du0 l /dw 0\ 
dx 2 V dx )  

dvo 1 (dw0\ 2 
dy 2 \  dy )  

du0 dv0 dwQ dw0 

dx + dy + dx dy .

Equation 6-43

> =  <

v dy

d(f>x

dx
d<t>y

dy
x  d 0 y

dx .

r  , ( 0 )"]

r

Yyz _ ^

Yxz .
k

0 y  +

0

dw0^
dy

dw0
*  +  dx >

Equation 6-44

r FW \
cxx

v g j

> =  - C l  <

d(px + d2w0
dx

a<py
+

d x2
d2w 0

dy dy2

d<t>x | d 0 y  ( 2 d 2 w 0

V dy dx dxdyJ

Equations 6-45
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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 o f 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.

( k + l )

I Equation 6-46

It can also be stated that since [ Q ^ ]  =£ [Q̂ k+1 ]̂ the strain fields of adjacent layers satisfy:

( fc + D

'&xx' (k ) a xx ( k + l )

°yy °yy
P xy . P xy . V

<*xz' (&XZ
ayz  j  = j  Gyz

P z z ) \®zz

Yxz (k) (Yxz
Yyz ■ * {Yyz
£zz. y£zz.

It should also be noted that the transverse stresses at the interface of two plies, or 

interlaminar stresses, are discontinuous [95], therefore:

\ ( k + 1)

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

Partial and Full layerwise theory.

&XZ (k) °x z
Gyz *  ■Gyz
P zz. P zz
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(& + l) th  la y e r
k\h la y e r

.(*+1)
]zx ~~ Ozx

Ak)
'*y - 0 2y

.(A+l) (k)
'Z2 ~~ Ozz

Figure 6-7: Equilibrium  of in terlam inar 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 th layer are written as:

m

uk O, y, z , t ) =  ^  uf  (pc, y, t)(pf (z)
;= i 
m

v k (x, y, z , t ) =  v f  (x, y, t )  (pf (z)

;= i  
n

w k (x, y, z , t ) =  ^  w k(x, y, t)\pf (z)
7 =  1

Equations 6-47
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where uk, v k and w k 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 <pk(z) and xftfiz) are continuous functions of the thickness coordinate 

z [95]. It should be noted that, in general, \pk ^  <pk [95].

The functions <pf(z) and ipf(z) are selected to be layerwise continuous functions, meaning 

that they can be chosen, for example, to be ID  Lagrange interpolation functions of the 

thickness coordinate [95]. In this case u f ,v k and w k denote the values of uk, v k and w k 

at the j th plane. The number of nodes through the layer thickness, n, defines the 

polynomial degree p =  n +  1 of ipfiz) ,  which are only defined in the k th layer [95]. Figure 

6-8 shows a rough depiction of this [95]. The functions uk(x,y,t) ,  v f (x ,y , t )  and 

w k(x ,y , t ) represent the displacement components of all points located on the j th plane, 

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

7th  la y e r  N<

\ u . l '
/+i

z

7-1 M
I+1Q

; : * v 3

1-16IL
7 -1

Figure 6-8: D isplacem ent representation and th e  linear approxim ation functions O ^ z )  used in th e  layerw ise

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 ID subdivisions through the thickness, or by using higher order 

Lagrangian interpolation polynomials, also known as h orp  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

u(x, y, z , t ) =  ^  Uj(x, y, t)cl>7(z)
/ = i

N

v(x,y,z,  t)  =  ' ^ V I (x,y,t)<i>I (z')
i=i
M

w(x, y, z , t ) =  ^  W, {x, y, t )4 j/  (z)

Equations 6-48

where Uj, Vj and Wj 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 W1 represents the global interpolation functions for discretisation of the 

transverse displacement through thickness [95].

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

variation through each numerical layer would be:

N =  Ne +  1

4>1(z) =  ^ ^ ( z )  zi  — z  — Z 2

*p2 1 } ( Z )  > ZI - 1 < Z  < Z j 0  =  2,3.......Ne)
Equations

6-49

^ ( z )  = N

with
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xp[k) =  1 - 1 - '  ^  W  =  1 __JL f 0 < z < h k Equation 6-50

h-k h k

For quadratic functions:

N =  2Ne -I-1

<t>1( z ) =  Zi <  z <  z3

Equations
0 2/ (z) =  l / / 0 ( z )  z 2 I - 1  ^ Z <  Z 2J+1 ( /  — 1,2,...,Ne)

6-51

C/ =  1.2.....
1 0 1  0 ) , Z 2/+ 1  < Z < Z 2 I + 3

with

<t>w(z) =  i / ^ C z )  z j v - i  <  z  <

Equations 6-52

ik \ Uk' 

z 2 k - l  — z  — z 2 fc + l

where hk is the thickness of the kth layer, z — z — z k and zk denotes the z coordinate of 

the top of the k th 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 H*1 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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N /  M \  /  M ^ \

S ' " )1=1 \ / = i  /  \ ; = i  /

M M

1 = 1 <1=1 J =1

Equation 6-53

Af
Z dW1 

W'~dzi=i
Equation 6-54

N . , M
d<P!Z atp1 ow, ,

7 = 1 7 =  1

N . M

Z d® 1 v 1 dWj .

7 = 1 7 = 1

Equations 6-55

Due to the layerwise definition of the functions <t>! and XV I  the strains are discontinuous at 

the layer interfaces [95].

By using 3D stress-strain equations, the stresses in the k th layer can be calculated

r<* x x y 00 C11 C12 C l 3 0 0

< Jyy C21 C22 C23 0 0

® ZZ
\  /T

 ̂ _ C31 C32 C33 0 0

G y z 0 0 0 C44 in
<0

® x z 0 0 0 C45 C 55
<G xy->

-C l6 C26 C36 0 0

Ci 6 
^26 
C36 
0 
0 

^66J

(k)
r £xx ~  a Xx & T  >

£yy CCyyAT

< &zz a zzA T
Yyz

Yxz
<Yxy ~  2axyATJ

00

Equation

6-56

 (/c)
Where a is the thermal coefficient, A T  is the change in temperature and the CLJ matrix 

is the transformed elastic coefficients in the xyz system, which is related to the elastic 

coefficients in the material coordinates, Qy, by:
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[C] =  [T][C][T] -1
Equation 6-57

where [T] is the transform matrix based on the rotation about a transverse normal to the 

lamina:

[T] =
cos2 0 sin2 0 2 sin 9 cos 6
sin2 6 cos2 6 — 2 sin 0 cos 0

— sin 0 cos 0 sin 8 cos 6 cos2 6 — sin2 0

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 

is dependent on the layer, so {f}p  =£ {£}£+1 at a point P on the interface of layers k and 

k +  1 [95].

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

Micromechanics; Lamina and Laminate [94].

Figure 6-9: Levels o f analysis from  le ft to  right: M icrom echanics; Lamina and Lam inate 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, sos =  £f =  em, where the /  and m subscripts denote the fibre and matrix 

respectively. Strain tensors are indicated by boldface type, or by their components using 

index notation; so Vt, C, S and /, 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 -  O'

.0 • • •  1 .

It can then be stated that At =  /, where At is the strain concentration tensor, in contracted 

notation, of the i-th phase [94]. The rule of mixtures for E1 and v12 are derived and 

computed this way. It should be noted that for fibre reinforced composites, i represents 

either fibre or matrix, by substituting /  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 ABDHmatrix, 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, 

lamina is in fact transversely isotropic. As a result:

E 3  =  E 2

and

E3
G7o =  ---------------

23 2(1 + V 23)

are entered as properties for the orthotropic material.

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 ID  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.

while a unidirectional

Equation 6 -58

Equation 6-59
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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.

Fi
j
i
i
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Building the Basic M odel and the Comparison o f Bonded Repair M ethods

7. B u ild in g  the  Basic M odel a n d  

th e  Comparison  of B onded  

Repair  M ethods

This chap te r  describes the  in it ia l investigat ion  in to  the  e ffec t iveness  o f  bonded  repairs in a 

s imple coupon geom etry . The conclusions gathered f ro m  C hapte r  3 suggest, qu i te  candidly, 

th a t  o u t  o f  the  bonded repairs investigated, scarf repairs are th e  best con f igu ra t ion . To 

independen t ly  con firm  this, a basic numerica l s tudy was crea ted  com par ing  various resin 

and bonded  repa ir configura t ions, show n in Figure 7-1.

Adhesive

b) w m g m m a m m a m m n

Composite

d)

Figure 7-1: Repair configurations com pared - a) dam aged; b) resin repa ir plug; c) resin filled  lap repair and d)
scarf

A s tepped con f igu ra t ion  was no t investigated due to  the  de ta i led  m eshing re q u ire m e n ts  as 

described in Section 5.2. The d e ve lopm en t o f  a basic f in i te  e le m e n t  m ode l is also discussed 

in th is  chap te r  along w ith  the  m ater ia l p ropert ies  and b ounda ry  cond it ions  used. A 

convergence study was also carr ied o u t  to  ensure the  mesh dens i ty  used was correct.

7.1 Initial Attempts

It is c u r re n t ly  s tandard practise to  mode l composites  topog ra p h ica l ly  in FEM by using 2D 

shell e lem ents . These e lem ents  are usually given o r th o t ro p ic  p rope r t ies  th a t  describe the  

en tire  lam inate , ra the r than ind iv idua l plies. This p resents  a d i f f icu l ty  in m ode l l ing  a 

lam ina te  w i th  a varying cross section, fo r  example s im u la t ing  a scarf con f igu ra t ion  using th is
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m e th o d  w o u ld  result in a s tepped cross section as show n  in Figure 7-2, w hen  no t 

cons ider ing  degenera ted  e lem ents . Despite it being possible to  m ode l scarf jo in ts  and 

repairs th is  way, the ex trem e ly  f ine  mesh required in large sections o f  the  m ode l using th is 

m e th o d ,  described in Section 5.2 and the fact th a t  it m ay no t  a l low  an accura te  dep ic t ion  o f  

th e  stresses in the  bond line  means it may be unsuitab le  fo r  th is  study.

Composite A dherend

Real World  Tapered Joint

Adhesive Bondline

Stepped Joint

Figure 7-2: Comparison of a tapered  jo int and a sim ulated jo in t using a topographic 2D orthotrop ic shell
elem ents m odelling approach

An a l te rna t ive  m e thod  w ou ld  be to  m ode l the  lam inate  using the  cross sectiona l geom etry ,  

w h i le  still using 2D e lements . This w ou ld  a l low  a m ore  rep resen ta t ive  s im u la t ion  o f  load 

f lo w in g  f ro m  one adherend to  the  o ther. H ow ever app ly ing  th is  m e th o d  also presents 

some d if f icu lt ies  in accurate ly  apply ing app rop r ia te  m a te r ia l  p rope r t ies .  Correct ly  

m ode l l ing  the  ±45° plies is pa rt icu la r ly  d if f icu lt ,  as th e ir  o r ie n ta t io n  w il l  be m ode l led  to  be in 

the  zx  plane as opposed to  the  xy  p lane using existing p rope r t ies ,  as show n in Figure 7-3.

a)
, 2 

y

b)

t z
y_

Figure 7-3: a) The m odelled orien tation  of fibres w hen adopting a cross sectional m odelling approach; b) The 
required orien tation of fibres w hen adopting a cross sectional m odelling approach

M o d e l le d  Fibre O r ie n ta t io n s  Ply O r ie n ta t io n s

1 1 1 ‘>0 P V j

/ / / / / / / / / / /
SB8BP 0“ Ply

x

Required Fibre O r ie n ta t io n s

->
X
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In o rd e r  to  correct ly  apply the  p roper t ies  in an ou t o f  plane d irec t ion , t ra n s fo rm a t io n  

re la t ions  can be used, examples o f  wh ich  can be seen in [96]. Using these it is possible to  

app ly  the  appropr ia te  app rox im a te  expression to  f ind  th e  Young's and Shear m odu lus, the  

Poisson's ratio, shear coupling coe ff ic ien t and the  stress-stra in re la tions. However, w h i le  

app ly ing  these re lations w ou ld  a l low  a viable 2D m ode l to  be bu i lt ,  it w il l  no t  cap tu re  any 

o u t  o f  plane behav iour th a t  may present itself. As a result, it was dec ided  to  advance to  a 

3D m ode l.

The c rea t ion  o f  a 3D m ode l requ ired  the  mixed use o f  3D hexahedra l e lem en ts  in the  main 

body  o f  the  m ode l and pentahedra l e lem ents  in the  scarf reg ion and w o u ld  resu lt in a n o n ­

s tepped in te rface  as opposed to  th a t  w hen  using shell e lem ents . Despite this, th e i r  use can 

have the  disadvantage o f  being com p u ta t io n a l ly  labour in tens ive  and can increase the  

a m o u n t  o f  t im e  required to  solve a model. It was h o w e v e r  dec ided th a t  the  increased 

accuracy presented by using a 3D m ode l w ou ld  m ore  than  make up fo r  this.

As a result, by m ode ll ing  the  cross sectional geom e try  o f  the  jo in t  in 2D and then  ex trud ing  

the  mesh by the  requ ired n u m b e r o f  e lem ents  in to  the  3D plane, a v iab le  m ode l was 

p roduced . The process can be seen in Figure 7-4.

Geom etry Mesh Extrude

Figure 7-4: The process by which the meshed geom etry  of th e  m odel was created  

This m e th o d  also a l lowed the  m ode ll ing  o f  each ind iv idua l com pos i te  ply, in a s im ila r 

m e th o d  to  th a t  used in the  layerwise theory , discussed in C hap te r  6. This w o u ld  a l low  an 

even b e t te r  insight in to the  in te rac t ion  o f  the  com pos ite  lam ina te  w i th  th e  adhesive and 

the  patches used in the  repairs.

7.2 Initial Model Building

Having fou n d  a v iable m ode ll ing  m e thod , an in it ia l num er ica l  s tudy  cou ld  be conduc ted . 

However, th is required inputs fo r  geom etry ,  m ateria l p rope r t ies , load ing and bounda ry  

cond it ions .
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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 (IM) 

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]2s, 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. It is 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 m ater ia l properties. The p rope r t ies  used fo r  th is  s tudy  w e re  ga the red  f ro m  data given 

by the  m anu fac tu re r  and also f ro m  independen t studies re la t ing  to  th e i r  qua l i f ica t ion .

The inco rpo ra t ion  o f  the  com posites  materia l p roper t ies  in to  th e  m ode l requ ired  th a t  they  

be read in to  an ABD sti ffness matr ix . This was done by ca lcu la t ing  the  com p l iance  m a tr ix  

f ro m  the  Young's modu lus El l t  E22  and E33, the  shear m odu lus  Gl2l G i3 > G23  and the  

Poisson's ra t io  v 12, v 13, v 23, v 21, v 31 and v 32. From this, th e  stiffness, o r  ABD m atr ix , was 

fo u n d  by calculat ing the inverse o f  the  compliance. Due to  the  m a te r ia l  being UD in na ture , 

it was possible to  s impli fy  the m atr ix  dow n  to:

A s im ila r  process was used fo r  the  ±45° and 90° ply o r ien ta t ions ,  h o w e ve r  th e  m ate r ia l  

p rope r t ies  at these o r ien ta t ions  had to  f irs t be ca lculated via CLT, see Section 6.1.1, be fore  

th e i r  sti ffness matr ices w ere  derived. These p rope r t ies  w e re  th e n  in p u t  in to  a MAT9 3D 

an iso trop ic  card fo r  each ply o r ien ta t ion .

The adhesive m ode lled  in th is s tudy was a w ide ly  used and read i ly  ava i lab le  120°C cure 

system w i th  a non-w oven  scrim, re la tive ly  good shear p ro p e r t ie s  and good chemica l

mm

Figure 7-5: G eom etry of initial scarf m odel

C = Equation 7-1

Sym m etr ica l
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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 

o f 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 Tg. 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, G12, and Poisson's ratio, v12, 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 a
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hexahedra l e lem ent,  the load P is m ode lled  as -  on each o f  th e  4 nodes on th e  loaded face
4

o f  th e  e lem ent, as shown in Figure 7-6.

In th e  usual case w he re  m ore  than  one e lem en t is p resen ted  as a loaded face, the  load o f  

these co rner nodes wil l be added toge the r,  so cons ider ing  a 2 x  2 face, the  load 

d is t r ib u t io n  w il l  be as shown in Figure 7-7. As such, th is  was th e  load ing used to  apply the  

15kN load to  the  in it ia l models.

Figure 7-6: H ow pressure loading is applied to elem ents: the  idealised on th e  le ft and th e  reality  on the right 

The sym m etr ica l  na tu re  o f  the  m ode l o f fe red  the  bene f i t  o f  on ly  requ ir ing  a q u a r te r  o f  the  

g e o m e try  to  be s imula ted. However, boundary  cond it ions  w e re  app l ied  to  represent the  

un -m ode l led  ge o m e try  and ensure realist ic behav iou r o f  th e  m ode l. These bounda ry  

cond it ions  constra in  the  m o ve m e n t o f  the  nodes to  w h ich  th e y  are appl ied. A s im p le  

exam ple  is if a cons tra in t  o f  x  =  0 is applied to  a node, it w il l  be free  to  m ove  and ro ta te  in 

any o th e r  d irec t ion , bu t not a long the  x  axis.

| Figure 7-7: Load distribution of a 2 x  2 e lem ent m odel using pressure loading assum ptions
I
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For the  geom e try  being s im u la ted  in th is study, the  b o u n d a ry  cond it ions  can be seen in 

Figure 7-8, w h ich  represent the  c lam ping and the  g e o m e try  o f  the  un -m ode l led  repair.

Figure 7-8: Boundary conditions used in th e  in itial m odels

W ith  the  m ode l now  built , it was th e n  possible to  f ine  tu n e  th e  mesh, so as to  ensure the  

m ode ls  accuracy.

Any num er ica l  analysis invariab ly has some assum ptions th a t  idealises certa in  behaviours. 

This is done  to  l im it  the variables requ ired  and to  s im p li fy  the  analysis. In th is  study, it was 

assumed th a t  the  m anufac tu r ing  o f  the  repa ir was perfec t. This w o u ld  mean th a t  the  

com pos ite  plies were  perfect ly  aligned and com p le te ly  cured, w i th  no im pe r fec t ions  and 

ran pe rfec t ly  parallel to  one a n o th e r  w ith  no undu la t ions . The th ickness o f  these plies was 

also equal th e ir  nomina l cured th ickness o f  0 .25m m .

S im ilar assumptions were  made regarding the  adhesive. It was assumed th a t  its th ickness 

was equal to  the  nom inal cured th ickness o f  0 .2m m  and th a t  th e  cur ing  process was carr ied 

o u t  perfect ly . This results in a good physical and chemica l bond to  bo th  adherends, w i th  no 

po ros i ty  and a llows good load trans fe r  f ro m  one adherend  to  th e  o the r ,  th ro u g h  the  

bond line .

It was also assumed th a t  any cu t t ing  or m achin ing was also be carr ied o u t  perfec t ly , 

o f fe r ing  sm ooth , undamaged edges on all surfaces.

z = 0 
(Lower edge only)

x = 0, y = 0,
Rx = 0, Ry = 0, Rz=0

7.2.4 Modelling Assumptions
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7.3 Convergence Study

Any new  set o f  numerica l mode ls  should, as a general ru le, have a convergence study 

conduc ted  before an analysis takes place. This is done to  ensure th a t  the  co rrec t mesh 

dens ity  is used in the  analysis region: to o  coarse and th e  analysis w il l  no t  be accurate; to o  

f ine  and the  analysis w il l  take fa r  to o  long to  solve. In o rd e r  to  carry o u t  th is  s tudy, a s imple 

b u t t  edge jo in t  was used, show n in Figure 7-9. It was o r ig ina l ly  envisaged th a t  the  square 

edge presented by the  bu tt  edge t ip  w ou ld  o f fe r  an ideal m easur ing  po in t .  H owever, upon 

runn ing  the  f i rs t model, it was found  th a t  the  node at th e  t ip  o f  th e  kn ife  edge o f  the  

u p p e rm o s t  0° ply may be a b e t te r  m ethod , show n in Figure 7-10.

Composite

Figure 7-9: Joint m odel geom etry used in Convergence Study

For various mesh densities, the  tensi le  x  stress o f  the  knife edge node was m easured. This 

was th e n  p lo t ted  against the degrees o f  freedom  present in th e  m ode l,  show n  in Table 7-1 

and Figure 7-11. It can be seen th a t  convergence, rep resen ted  by a ho r izon ta l  g rad ien t o r  

line, takes place be tw een  a mesh density  o f  0.1 and 0.075, o r  506088 and 892080 Degrees 

O f Freedom (DoF) respectively. As the m ode l w i th  a mesh dens ity  o f  0 .075 to o k  

app ro x im a te ly  a week to  run as opposed to  a fe w  hours fo r  th e  0.1 mesh density . It was 

dec ided th a t  the  m in im al 3% increase in accuracy o ffe red  by th e  0 .075 m ode l d id no t m e r i t  

th e  drastic  increase in analysis t im e . As a result, it was dec ided  th a t  a mesh dens ity  o f  0.1 

w o u ld  be used in the  bondline region.

90° Ply

+45° Ply

-45° Ply

L o c a t io n  o f  n o d e  u se d  f o r  s t ress  m e a s u r e m e n t

Figure 7-10: A close up view  of the  upper bondline term ination  showing th e  location of stress m easurem ent
used for convergence study

This was m od if ied  slightly  so as to  increase the  nu m b e r o f  e lem en ts  th ro u g h  the  th ickness 

o f  the  bond line  to  th ree. This was done as it was cons idered good  practise. This f ine mesh
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in the  bond line  region w ou ld  then  become less dense and coarser as th e  d is tance f ro m  the  

bond line  increased, the reby  reducing the  nu m b e r o f  e le m e n ts  requ ired  and reduc ing  the  

analysis t im e .

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 resu ltan t mesh and it 's advancem ent f ro m  dense to  coarse can be seen in Figure 7-12. 

Using th is  mesh, it was then  possible to  analyse the  va r ious con f igu ra t ions  o u t l ined  in 

C hapter 3.

7.4 Configuration Analysis

To investigate  the effectiveness o f  certa in repair con figu ra t ions , m ode ls  w e re  c reated o f  a 

plain, undam aged coupon and a damaged specimen. These m ode ls  w o u ld  th e n  be used as 

baselines to  com pare  against the  repa ir  con figu ra t ions  be ing inves tiga ted : resin repa ired ;
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lap repa ired, w ith  and w i th o u t  a resin f i l le r  and a scarf repa ired  spec imen, cross-sectional 

d iagram s o f  wh ich  can be seen in Figure 7-1.

Figure 7-12: M esh used in the dam age region of a 7 plies cut m odel, diagram  a) in Figure 7-1 , showing fine to
coarse transition

The m ode ls  w ere  then  solved and analysed w ith  the  analy t ica l emphasis  be ing on the  repa ir  

reg ion to  measure the stiffness being restored and the  stra in  levels seen in th e  repa ir  itself. 

This was done by measuring the  m ax im um  tensile x  stress in th e  repa ir  reg ion and d iv id ing  

it by th e  m a x im u m  tensile x  s tra in in the  same location and a l low ed  the  p lo t t in g  o f  Figure

7-13. It w ou ld  appear f ro m  Figure 7-13 th a t  the scarf c o n f ig u ra t io n  restores the  g rea tes t 

a m o u n t  o f  s ti ffness in the  repair region. Despite this, it on ly  restores 66% o f  th a t  seen in 

the  orig ina l undamaged model.

By analysing the  tensile x  strain in the  repair region, it was possible to  assess the  e ffec t ive  

load being trans fe rred  in to  the  repair. By having a stra in th a t  va r ied  cons iderab ly  f ro m  the  

plain undam aged mode l it w ou ld  be possible to  d iscount th a t  repa ir  m e th o d  f ro m  fu tu re  

assessments. Ideally a sm ooth  strain f lo w  is requ ired  and any ex tre m e  va r ia t ion  f ro m  th is  

could fo rm  stra in /s tress concentra t ions. This is show n in Figure 7-14 and it can be seen 

th a t  th e  Resin repa ir  varies considerab ly f ro m  the  undam aged and so can im m e d ia te ly  be 

d iscounted . The Patch and Patch and Resin repa ir  m e thods , do fo l lo w  th e  undam aged 

m uch m o re  closely, however, the re  is some var ia t ion  in the  dam age reg ion. The Scarf 

repa ir  m e th o d  on the  o th e r  hand fo l low s  the  undam aged m ode l ve ry  closely, w i th  very  l i t t le  

va r ia t ion . There is a slight increase in strain in the  lo w e r  ha lf  o f  th e  repa ir  region and a 

s l ight reduc t ion  in the  upper half, bu t th is is expected due to  th e  s l ight bias th a t  the  stra in  

w il l  have to  f lo w  th rough  the undamaged underside o f  th e  repa ir  region.
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Stiffness Comparison o f Repair M ethods
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Figure 7-13: Comparison of regained stiffness due to  repa ir m ethod  

Closer inspection o f  the  results reveals some zigzag p a t te rns  in the  stra in  p ro f i le  o f  the  

con f igu ra t ions  analysed, as well  as some smaller spikes. It w o u ld  appear th a t  these sm alle r 

spikes are caused by the  trans it ion  f rom  one ply o r ie n ta t io n  to  a n o th e r  in the  m ore  highly 

loaded region o f  the laminate. The zigzags are a resu lt o f  th e  high to  low  stiffness t rans i t ion  

seen be tw een  the  0° and 90° plies.

7.5 Modelling Improvements

D uring  the  course o f  th is investigation, several adap ta t ions  and im p ro v e m e n ts  to  the  basic 

m ode l  w ere  identi f ied . One var ia t ion  th a t  la te r mode ls  w o u ld  have is th a t  th e y  w o u ld  be 

solved via MSC NASTRAN 2005 [97] ra ther than  the  A lta ir  H ype rw o rks  RADIOSS [98] solver. 

This was due to  the  NASTRAN solver being the  s tandard used in A irbus and as a result, the  

resu lts  gained from  using this w ou ld  be easier to  inco rpo ra te  in la te r  w o rk .

By changing the  solver, an im p ro ve m e n t in m ode l cons truc t ion  could also be im p lem en ted .  

W h i le  in the  basic con figu ra t ion  a 3° scarf angle was used, as suggested in th e  l i te ra tu re  

seen in Chapter 3, th is posed p rob lem s w ith  the  meshing o f  th e  m ode l.  T r iangu la r PENTA 

e lem en ts ,  seen in the knife edges o f  the  com pos ite  plies requ ired  a grea t deal o f  

m a n ip u la t io n  once meshed in o rd e r  to  a l low  solving in RADIOSS. This resu lted  in a 'Kick-up' 

o f  th e  scarf t ips, shown in Figure 7-15. This w ou ld  obv ious ly  a f fec t th e  results o f  the

Repair Type

■ Plain ■  7 Plies cut ■  Resin ■  Patch ■  Patch+Resin ■  Scarf
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analysis. However, using the  m o re  len ien t NASTRAN solver, th is  'Kick-up' a d a p ta t io n  was 

n o t  requ ired , how ever a slight increase in the  scarf angle to  3.1° w o u ld  be used in o rd e r  to  

ensure the  e lem ents  w ou ld  be considered acceptable. Despite th e  change in solver, 

H yperM esh  [99] w ou ld  rem ain the  pre-processing so f tw a re  used, w hereas  NASTRAN and 

PATRAN w ou ld  now  become the  so lver and post-processing so f tw a re .

Repair Region Strains
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-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

!■■■■■ ■■ Undamged ■■■ — 7 Plies — — Resin   Patch ■■— ■■■ Patch+Resin ■ ■ Scarf

Figure 7-14: Strains seen in the repair region

W hile  the  loading m e thod  described in Section 7.2.3 was used in the  in it ia l  m ode ls  o f  the  

s tudy  and a l te rna t ive  m e thod  was also used. W h i le  no t  s t r ic t ly  a th e o re t ica l ly  co rrec t way 

to  app ly  the  load, s imply d is t r ibu t ing  it equally  am ong th e  n u m b e r  o f  nodes on the  loaded 

face had no discernib le e ffec t on the  ou tcom e o f  the  results. S ubsequently , to  save t im e  

w h ile  m od i fy ing  the model, the  loading was appl ied in th is  m a n n e r  to  maxim ise  

p rod u c t iv i ty ,  w i th o u t  sacri ficing 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. Bo n d lin e  A nalysis of Scarf 

Joints (BASS]

In o rd e r  to  easily size bonded scarf repairs, it w il l  be necessary to  p roduce  a s imple analysis 

m e thod . Possibly the  best example o f  such an analysis is the  Baker [74] analysis seen in 

Section 5.2. From this baseline analysis num erous  add it ions  and adap ta t ions  have been 

made wh ich  are ou t l ined  in th is chapter.

8.1 Evenly Distributed Load

The Baker [74] analysis was derived by resolving the  fo rces in an idealised scarf region, as 

seen in Figure 8-1. The same is true  fo r  the  Evenly D is tr ibu ted  Load (EDL) m e th o d ;  h o w e ve r  

unlike the  Baker analysis, the EDL takes in to  account the  d e p th  o f  th e  jo in t  in the  y  axis.

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

So, f ro m  Figure 8-1, it can be seen tha t;

P cos 6
t  =

A Equation 8-1

w here  the  cross sectional area o f  the  jo in t  A is g iven by:

d t
A =  ------ -

s in
Equation 8-2

w here  t  is the  th rough  th ickness d im ension  in the  z axis and d is the  d e p th  in the  y  axis, 

w h ich  gives the  equation  as shown in [74 ]2:

2 It should be noted that the equation shown in the work published by Baker is incorrect. The P and 
r  should be swapped around. Correspondence w ith A. A. Baker has confirm ed tha t the equation 
should read as shown in this work and that a typing error occurred in the published paper.
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P cos 0 sin 6
T  =  Equation 8-3

and using the trigonometric identity sin 20 =  2 sin 6 cos Q gives:

P sin 29
t  =  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:

2t  dt
P m ean ~  „■ Equation 8-5sin lu

. _ i (2xdt\:in A I ------- 1sin i p i
a  — ___________\  r  /  Equation 8-6
° m a x  ~  n

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 

jo int design modes to be analysed:

Parent Ultimate =  d t f x  Equation 8-7

Damage Tolerance — d t E x £ a llo w a b le  Equation 8-8

where fx is the strength in the x direction, Ex is the total laminates modulus and 

£ allowable^ 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 jo int needs 

to be calculated:

_ P  _  P
— ^  — ^  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, Ex, can easily be found. By 

using this Ex value, the strain in the laminate, ex , can also be found by using Hooke's Law:

o'*£x = —~
E

As each of the plies in the laminate undergoes the same strain, the stress in the 0° plies, 

ax0, can 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 result, EX1 should 

be used, where E li is the stiffness of a ply orientated in the direction of the loading:

0 * 0  =  £x E h  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 r  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 r: r m for the mean value and rp for the peak. This would then give the 

failure load equation, assuming peak stress as:
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_  /  2 t Pd t  \  Ex
peak~  l s i n ( 2 0 ) / E n  E q u atio n 8-11

This equa t ion  can then  be rearranged in o rd e r  to  f ind  th e  m a x im u m  scarf angle 9, o r  th e  

peak shear in the  adhesive r P.

8.3 Accounting for Bolts

As m e n t io n e d  in Section 3.1 th is  w ork , it may be unfeasib le  to  to ta l ly  rem ove  bolts f ro m  

certa in  regions o f  an a ircraft 's  s truc ture . As a result, th e re  w il l  be a need to  accoun t fo r  

bo lts  in Hybrid repair configura t ions. A b r ie f  ove rv iew  o f  pu re ly  bo l ted  con f igu ra t ions  is 

also described in th is  section.

8.3.1 Hybrid Joint BASS

Hybrid jo in ts  are those th a t  have both adhesively bonded  and bo lted  adherends, a 

schem atic  o f  w h ich  can be seen in Figure 8-2. These jo in ts  are a realist ic  m e th o d  th a t  cou ld  

be ado p te d  and as such, should be given some cons idera tion .

f

1 1 
1 1 
1 1 ^  
1
f  1 
1 *> 1

1 1

-

.........._ .. '

t

'

Figure 8-2: Schematic of a single bolt hybrid scarf jo in t 

As in the  previous BASS equations, the  Hybrid analysis is de r ived  f ro m  Equation 8-1. 

However, due to  th e  presence o f  the  bo lt  hole, the  area o f  th e  bond line , A, is s l ight ly  

reduced:

d t
A =  ------ H

s in  9
Equation 8-12

w h e re  H is the  area taken up by the  bo lt  hole in the  scarf region:
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H =
cos #

Equation 8-13

where Bd is the bolt hole diameter. Therefore:

A =
dt Equation 8-14

sin# cos#

So, using this new value for A, 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:

Pc os# At
t  = =*P =

cos# Equation 8-15

therefore:

hybridjnean

sin # cos # 

cos#

Equation 8-16

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

calculated:

dt *&)
Pi s in# cos# Equation 8-17

hybridjpeak
C O S # '11

8.3.2 Purely Bolted

Purely bolted or mechanically fastened joints were also analysed. The equations used to 

investigate a bolted scarf jo int 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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» »

f m

Figure 8-3: Variable lam inate thickness associated w ith  bolt location

W h e re  z can be calculated f ro m  Equation 8-18:

fBd tan  9'
z — t —

^ Bd tan  9^
Equation 8-18

W ith  th is in fo rm a t io n ,  as well  as certa in  variables described in Figure 8-4, it w il l  be possible 

to  create fa ir ly  accurate fa i lu re  p red ic t ions o f  scarf jo in ts  using a single mechanica l bolt.

From Figure 8-4, it can be seen th a t  the re  are several fa i lu re  m odes fo r  bo l ted  jo in ts ,  

h o w e v e r  on ly  Tensile, Shear and Bearing fa i lu re  have analytica l p red ic t ions . Cleavage 

fa i lu re  is a m ixed m ode involv ing tens ion  and bend ing and canno t be expressed by a s imple 

fo rm u la  [102].

— 1 L-AH
(t» (C ) <d)

Figure 8-4: Bolted jo in t fa ilure modes: a) Tensile; b) Shear; c) Bearing and d) Cleavage [102]

Tensile fa i lu re  is usually a result o f  an inadequate  n u m b e r  o f  0° plies w i th in  th e  adherends 

bo lted  to g e th e r  [73]. The analytical fa i lu re  p red ic t ion  is given in [22] as:

a t (w  — d )
P =

■tc
Equation 8-19

w h e re  o  is the  m ax im um  tensile  stress w  is the  w id th  o f  the  coupon , d is th e  bo l t  hole 

d ia m e te r  and k tc is the  e ffec t ive  stress concen tra t ion  fa c to r  based on ne t section.
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For m eta l l ic  adherends, the  shear fa i lu re  p red ic t ion  is usually g iven by Equation 8-20 [22]:

P  =  Equation 8-20

W h e re  e is the  distance o f  the bo lt  hole centre  to  the  edge o f  the  c o m p o n e n t  and r u is 

g iven as the  u l t im a te  shear strength . This analytical m e th o d  holds reasonab ly  w e ll  fo r  

c a rb o n /e p o xy  composites  w ith  ~  5 0 %  o f  the  layup being com pr ised  o f  ±45° plies. 

A ccord ing  to  the  au thors  o f  [73], th is  fa i lu re  m ode is usually a sign th a t  th e re  are no t 

enough  ±45° plies w ith in  the  lam inate  and these should be re in fo rced .

Bearing fa i lu re  is usually ind icative o f  insu ff ic ient th ickness in th e  lam ina te  [73] and is 

ca lcu la ted by:

P — Gfodt Equation 8-21

w h e re  ob is the  nom inal bearing s trength  o f  the  lam ina te  [22], A ccord ing  to  [103] the  

bearing s treng th  o f  a lam inate  is de te rm ined  by the  bearing stress at w h ich  the  bearing 

hole is de fo rm e d  by 4% o f  the  bo l t  holes d iam eter .

C onsidering th a t  the thickness o f  the  bo lted  scarf jo in t  area is n o t  equal to  the  th ickness o f  

the  lam inate , the  variable t seen in Equation 8-19 to  Equation  8-21 should be replaced by 

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

It should also be acknowledged th a t  the  bo lt  i tse lf can also fail th e re b y  presen t ing  a n o th e r  

possible fa i lu re  m ode [73] . Examples o f  th is  include bo l t  f ra c tu re  o r  bo l t  l if t ing:

Figure 8-5: Bolt fa ilure modes [73]

However, these bolt fa i lu re  s ituat ions w il l  no t occur in th e  jo in ts  cons idered in th is w ork , 

due to  th e  re la tive ly  th in  na ture o f  the  laminates involved.

8.4 Ply Trimming Considerations

One cons idera t ion  th a t  has to  be taken in to  account is th e  fac t th a t  co m pos i te  m ate r ia ls  

canno t be m achined dow n  to  an in f in i te ly  th in , o r  'kn ife  edge ' po in t .  A t te m p t in g  to  do so 

w il l  p roduce  a ' fea the r  edge' region, w h ich  can no t on ly  cause s ign if icant w a rp in g  in certa in
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layups, bu t also signif icantly reduces the  damage to le rance  and possibly even th e  in teg r i ty  

o f  th e  eventua l jo in t .

Figure 8-6: Effect of 'feathering ' on scarf tip  region of a com posite adherend  

In o rd e r  to  avoid this, the  scarf t ip  should be t r im m e d .  This o f  course w il l  a ffec t the  

effec t iveness o f  the  jo in t  slightly, as the  load trans fe r  reg ion has e ffec t ive ly  been reduced 

by a certa in  n um be r o f  plies; how ever  the  e ffec t o f  th is  is l ikely to  be neglig ib le. Ply 

t r im m in g  can be considered the  lesser o f  tw o  evils as it w il l  increase the  stif fness in th e  t ip  

region, th e reby  avoiding the  de flec t ion  and a l low  a m ore  du rab le  edge to  be created.

In o rd e r  to  account fo r  this ply t r im m in g ,  the  length  o f  th e  load tra n s fe r  region in th e  jo in t  

has to  be calculated and incorpora ted  into the  existing equa t ions . The new  load tra n s fe r  

reg ion lt,onci can be seen in Figure 8-7:

Figure 8-7: Schematic of a Trim m ed Scarf Joint 

From Figure 8-7, it can be seen tha t:
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^bond ~  I scarf  2 I t r im

w hich , w hen  accounting  fo r  scarf angle 9 can be w r i t te n  as:

Equation 8-22

-bond -  2
sin

l t r im

sin 9

t  -  2t tr im
bond sin 9 Equation 8-23

This value fo r  t bond is then  subst i tu ted  fo r  t in a p p ro p r ia te  equations , in th is  instance, 

Equation 8-5:

P —‘ t r im  ~
2rd (t 2ttriirr)

sin 29
Equation 8-24

This should  then  account fo r  the  reduct ion  o f  load t ra n s fe r  seen in t r im m e d  scarf jo in t  

con figu ra t ions . This can also then  be applied to  the  Peak bond line  shear stress m e thod .

8.5 Analytical Predictions

Using the  pred ic t ive  m e thods described in th is chapter , it was possible to  ca lculate the  

fa i lu re  loads fo r  a certa in jo in t  geom etry , assumed to  be a perfec t,  u n t r im m e d  scarf. Table

8-1 shows the  fa i lu re  load pred ic t ions made fo r  bo th  bo lted  and bonded con f igu ra t ions . 

The fa i lu re  loads o f  the  3 m ost l ikely fa i lures fo r  bo lted  jo in ts  w e re  ca lcu la ted. The fa i lu re  

loads o f  bonded configurat ions, using the  m ore  conserva t ive  peak analysis m e thods  w e re  

also calculated.

Table 8-1: Predicted fa ilure loads of bolted and bonded jo in t configurations

Bearing Failure 6.4 (Equation  8-21)

Net-section Failure 5.4 (Equation 8-19)

Tearou t Failure 9.1 (Equation  8-20)

Peak Bonded Joint Failure 43.7 (Equation 8-11)

Peak T r im m ed  Bonded Joint Failure 38.2 (Equation  8-24)
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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 jo int 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 jo int 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 jo in t 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. I nvestig atio n  of Scarf Joints

An inves t iga t ion  in to  the  behav iou r o f  bonded scarf jo in ts  using FEA was carr ied o u t  to  

ascerta in  the  effec ts  th a t  various geom etr ies  and con f igu ra t ions  w o u ld  have on the  stresses 

in the  bond line . By varying the  pos it ion  o f one o f  the  adherends  f ro m  th e  o the r ,  it was 

possible to  no t on ly  create a perfec t ly  aligned jo in t ,  bu t also one th a t  is sl ightly, no rm a lly  

o f fse t by the  bond line . Scarf t ips w ere  also varied to  ascerta in th e i r  e ffect. The 

c o m p u ta t io n a l  results were  then  com pared  to  analytical and to  m echan ica l tes t  results.

The m ode l l ing  im p rovem en ts  described in Section 7.5 w e re  adop ted  in th is  s tudy  as w e ll  as 

some add it iona l variations. An example includes the  reduc t ion  o f  the  load ing  f ro m  15kN to  

lOkN, w h ich  w o u ld  subject the  mode l to  a tensile  stress o f  200MPa. This was done  to  

ensure th a t  the  m ode l w ou ld  rem ain  in the  l inear elastic reg ion and was an o u tco m e  o f  

in it ia l mechanica l tes t results.

The mesh ing  o f  the  models was also im proved  th ro u g h  th e  use o f  surface sp l it t ing, see 

Figure 9-1.

iinnnnnniuiinuiniiiiinNiiiiimii

Figure 9-1: Im proved mesh

O th e r  im p ro ve m e n ts  such as the  appl ication o f  m ate r ia l  p rope r t ies ,  described in Section 

7.5, w e re  also applied.
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Due to  the  sym m e try  o f  the  model, on ly  ha lf  o f  the  g e o m e try  requ ired  m ode l l ing . As a 

result, the boundary  cond it ions  used in th is m ode l w e re  also upda ted , as show n in Figure

9-2:

z

Figure 9-2: Boundary conditions used on th e  scarf jo in t m odels

w here  x =  0 , y  =  0, z =  0, deno te  no d isp lacem ent in th e  x, y  and z d irec t ions  respect ive ly  

and Rx =  0, Ry  =  0, Rz =  0 represent no ro ta t ion  a round  th e  x, y  and z d irec t ions  

respectively.

Once the  m ode l was f ina l ly  built ,  m od if ica t ions  could be m ade so as to  investigate  th e i r  

e f fec t on the bondline.

9.1 Adherend Alignment

The fac to r  o f  adherend a l ignm en t is one th a t  should be cons idered  w hen  creat ing  a scarf 

jo in t .  Should the  adherends be perfec t ly  aligned, giving a pe rfec t ly  flush jo in t ,  as seen in 

Figure 9-3a), o r  should they  be norm a lly  o ffse t by the  adhesive to  possibly p ro m o te  load 

t rans fe r  as show n in Figure 9-3b)?

Pi
B U B

O f f s e t

0, Rx = 0,Rz=0

lOkN Load

z = 0
(Lower edge only)

V
X

o
'IIfsl

o'II>•o'IIX

sU " Rx = 0, Ry = 0, Rz-0

Figure 9-3: a) Perfectly aligned scarf jo in t, b) N orm ally  o ffset scarf jo in t



Investigation o f Scarf Joints

C reating the  FE models fo l low ed  the  same process as th e  in it ia l  m ode ls  in C hap te r 7, basing 

th e  m ode ls  on real w o r ld  test specimens; an exam ple  o f  w h ich  can be seen in Figure 9-4.

A

1 2 . 5 r n m \ i ^ _

t z
„V

Figure 9-4: Dimensions of the aligned scarf jo in t m odel

Unlike in the analysis carried ou t  in Chapter 7, the  analysis conduc ted  here focused on the  

bond line , measuring the  tensile x  stress, the  peel o r  z stress and th e  zx  shear stress. As the  

bond line  is at an angle, a new  coord ina te  system was also in co rp o ra te d  in to  the  m ode l in 

o rd e r  to  norm alise the  stresses measured in th is region. This can be seen in Figure 9-5:

t
Figure 9-5: Bondline coordinate system

To avoid any edge effects how ever, on ly  the  centra l e lem en ts  w e re  used to  ex trac t results, 

as show n  in Figure 9-6:
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C entra l
E lem ents J /

\
w /2

f \/

Figure 9-6: Location of central e le m e n t region

The va r ia t ion  o f  the  adherend a l ignm en t also varied the  mesh in the  bond line , especially  in 

th e  te rm in a t io n  regions near the  scarf tips. This va r ia t ion  can be seen in Figure 9-7 and 

Figure 9-8. It can be seen th a t  th is var ia t ion  is fa ir ly  co n ta ined  to  th e  te rm inus ,  and once 

beyond  this region o f  the o u te r  com pos ite  ply, the  mesh seen in bo th  bond lines are 

v i r tu a l ly  the  same.

Figure 9-7: Mesh in the te rm ination  of the scarf region of an aligned scarf jo in t

iv c. ia Sr is., in w n  90 t e v ; Jy

wmmmmm

Figure 9-8: Mesh in the te rm ination  region of an offset scarf jo in t
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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 jo in t manufacture and 

can be used as an index case for other jo int 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 cause 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

O S  ojrs 5̂ 7 Sjrs Sn  v5/\ <£- 6q -Jp

Distance along bondline (m m )

ZX Shear Stress — -T en s ile  X Stress    Normal Z Stress

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

As in th e  shear stress, the  pa tte rn  o f  the  0° plies having th e  h ighest stresses is appa ren t in 

the  tens i le  x  stress. However, the re  is an increased a m o u n t  o f  x  stress in the  jo in ts  

o u te rm o s t  plies. This is m ost l ikely due to  the fact tha t, be ing th e  o u te rm o s t  in the  layup, 

load th a t  was previously able to  pass to  ano the r ad jacen t ply is n o w  unable  to  do so. As a 

resu lt  the  stress is concen tra ted  here, before passing th ro u g h  in to  th e  less s t i f f  bond line . 

This exp lana t ion  can also be used to  explain the  ex tre m e ly  sharp spikes in a t t r ib u ta b le  to  

the  s t i f fe r  0° plies, as the  stress w ou ld  undoub ted ly  concen tra te  at th e  kn ife  edges o f  these 

s t i f f  plies be fore  being trans fe rred  to  the  far less s t i f f  su r round ing  plies and adhesive.

The z stress in the  bondline, w h ich  is arguably peel stress no rm a l  to  th e  bond line , also 

shows spikes in the  knife edge region o f  the  o u te r  plies. There are also spikes in the  

loca tion  o f  the  te rm in a t io n  o f  0° plies. These are h o w e ve r  negative  and m ay suggest th a t  

peel is reduced in the  region o f  0° plies, as the  load t ra n s fe r  is a lm os t fo rced  in to  th e  x  

d irec t ion  due to  the  high stiffness in th a t  d irection.

W hen  look ing  at the  d is to r t ion  o f  the  jo in t  in Figure 9-10, it can be seen th a t  the  g rea tes t 

de f lec t ion  is in the  location o f  the  adherend tips. This w o u ld  u n d o u b te d ly  cause increased 

peel in th is  region and can be seen in the  bondline stresses in Figure 9-9.
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Figure 9-10: D istortion of a perfectly aligned scarf jo int. (Blue line = original g eo m etry , Red line = d isto rted) 
NOTE: D istortion has been enhanced in order to  a llow  fo r 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 jo in t 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', 'middle' 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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Figure 9-11: Stresses in the bondline o f a norm ally offset scarf jo in t

To a certa in  ex ten t, the  x  stress levels seen in the  upper, m idd le  and lo w e r  p lo ts  are fa ir ly  

cons tan t ; how ever  the  spike locations do change w ith  bond line  level. Unsurpris ing ly , the  

m os t in tense spikes in the  upper bond p lo t are a t t r ib u ta b le  to  th e  knife edges o f  the  0° plies 

in th e  uppe r  adherend. However, slight dips can be seen be fo re  these spikes due to  the  

broad edge o f the  same 0° ply, w h ich  a llows b e t te r  load t ra n s fe r  and reduced stress 

in tens i ty  than  th e  knife edge. A s im ilar conclusion can also be g iven to  th e  d ip  in x  stress 

seen at the  o u te r  edge o f  the  upper bondline. The sym m etr ica l  qua l i ty  o f  th e  stresses in 

th e  bond line  w il l  also a l low  these same conclusions to  be t ru e  fo r  th e  lo w e r  bond line , a lbe it  

w i th  th e  loca tion  o f  the  spikes and dips reversed.

U pper Bondline Elem ents

M id  Bondline Elem ents  

Lower Bondline E lem ents

Knife edge tips aligned

Figure 9-12: Location of ply knife edges and location of upper to lo w er e lem ents in O ffset bondline
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B r o a d  E d g e

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

The z stresses in the  bond line  also show in te rest ing  fea tu res . The large spikes p resen t at 

the  knife edges o f  the  0° plies are found  e i the r  in the  u p p e r  ha lf  o f  th e  bond  fo r  the  uppe r  

bond line , o r th e  low e r ha lf o f  the  bond fo r  the  low e r bond line . The m id  bond line  does 

show  some spikes, bu t to  a lesser ex ten t .  The fact th a t  these spikes are in the  th in n e r  ha lf  

o f  th e  adherends suggests th a t  these regions, due to  th e i r  reduced local stiffness, may have 

increased peel. There is also the  possibil ity  th a t  the  d is to r t io n  o f  the  m ode l may induce 

g rea te r  peel in these regions, show n in Figure 9-14.

f

Figure 9-14: Distortion of offset scarf jo in t. (Blue line = original g eom etry , redline = d isto rted) NOTE: 
Distortion has been enhanced in order to  allow  fo r easier analysis

W hen  com par ing  the d is to r t ion  o f  th e  o ffse t to  the  pe rfec t ly  a l igned, it can be seen th a t  the  

grea tes t de f lec t ion  in bo th  mode ls  is located in roughly th e  same region. The na tu re  o f  the  

d e f lec t ion  is how ever  slightly d i f fe re n t  w ith  the  o ffse t m ode l having a m ore  l inear 

de f lec t ion  than  the  aligned.

9.2 Scarf Tip Details

As m e n t io n e d  previously  in C hap te r 8, a t te m p t in g  to  m ach ine  a co m pos i te  co m p o n e n t  to  

an in f in i te ly  th in  po in t, as is requ ired  fo r  a perfect scarf jo in t  is n o t  possible w i t h o u t  causing 

damage to  the  com posite , see Figure 8-6. One m e thod  to  avoid th is  dam age is to  m ach ine  

a small square edge in to  the  com pos ite , the reby  t r im m in g  th e  t ip  o f  th e  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 jo in t

0.2mm Offset Scarf M id Bondline Stresses

30

25

20

10

5

0

5
SO

•<&
Distance along bondline (m m )

«— ^ Z X  Shear Stress — — Tensile X Stress —  ■■ Normal Z Stress

Figure 9-16: M id d le  bondline stresses of o ffset scarf jo in t
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0.2 Offset Scarf Lower Bondline Stresses
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Figure 9-17: Lower bondline stresses of offset scarf joint

In o rd e r  to  assess the  e ffec t th is ply t r im m in g  can have on a jo in t  it was dec ided to  create 

m ode ls  w ith  t r im m e d  tips, shown in Figure 9-18. The tips w e re  t r im m e d  at th e  p o in t  w he re  

the  com posites  th ickness was equal to  1 ply, o r 0 .25m m . This w il l  leave a gap in th e  t ip  

region, bu t in reality , th is w il l  be f i l led w ith  excess adhesive f ro m  the  bond line , if it is kept 

su ff ic ien tly  small. One o th e r  jo in t  possibil ity is to  accoun t fo r  the  ply t r im m in g  on th e  

oppos ite  adherend , the reby  a l low ing  a Butt t ip  edge to  be created . This m ay be m ore  

d i f f icu l t  to  achieve, bu t could give increased damage to le rance  to  the  scarf t ip  region.

Figure 9-18: Edge tip geometries: plain; trimmed and adhesive filled and butt edge tip

9.2.1 Trimmed Aligned Scarf Joint

Follow ing on f ro m  the  m ode ll ing  carr ied ou t on idealised scarf jo in ts ,  the  m ode ls  used in 

th is analysis w e re  adapted by s im p ly  de le t ing  or m od ify ing  th e  m a te r ia l  p rope r t ies  o f  th e  

e lem en ts  in the  t r im m e d  scarf tip .
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9.2.1.1 Trim m ed and Unfilled A ligned Tip

Obviously, the s itua tion  w he re  the  t r im m e d  t ip  leaves a gap, is the  least des irable, how ever ,  

to  assess the  benefi ts  o f  using a resin f i l le r  in th is region, an assessment o f  the  w o rs t  

s i tua t ion  should be made.

As be fo re , the  stresses w ere  read f ro m  the  bond line  and p lo t te d  in Figure 9-19. 

Q u a n t i ta t ive ly  and qua l ita t ive ly , the re  is very l i t t le  d i f fe rence  in the  stresses in the  centra l 

reg ion o f  the  jo in t .  The on ly  var ia t ions can be seen in the  bond line  edge regions.

Trimmed Scarf Bondline Stresses

X o  Vsy
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■ ZX Shear Stress ■■■ — ■ Tensile X Stress — — — Normal Z Stress

Figure 9-19: Bondline stresses of an aligned tr im m ed  jo in t 

There is obv ious ly  an ex trem e ly  localised increase o f  all stresses in these regions due to  the  

ply t r im m in g .  These localised stress spikes are due to  th e  near square edge p roduced  by 

the  t r im m in g .  It can be seen th a t  it is the  z, o r  peel stress th a t  has seen the  g rea tes t 

increase. In fact the  increase is so sharp and substantia l it m ay suggest th a t  by using an 

unfi l led t r im m e d  edge may cause the  jo in t  to  p rem a tu re ly  fail in peel i f  loaded and as such 

should be avoided. The sharp increase in the peel stress is no t on ly  due to  th e  square edge 

g e o m e try  o f  the  t r im m e d  plies, bu t is also exacerbated by the  de f lec t ion  th a t  the  

c o m p o n e n t  experiences, shown in Figure 9-14. This c o m b in a t io n  o f  square edge, w h ich  

essentia lly acts as a notch, and the  de flec t ion  o f  the  c o m p o n e n t  w il l  cause th e  tw o  s t i f f  

adherends to  t ry  to  separate, th e re b y  causing the  increased peel stresses seen in the  

t r im m e d  scarf t ip  regions.
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Despite th is, the re  is very  l i t t le  th a t  can be done  to  vary  th e  g e o m e try  o r  reduce the  

stresses in th is region apart f ro m  f i l l ing the  t r im m e d  reg ion w i th  adhesive spew.

9 .2.1.2 Trim m ed and Filled A ligned Tip

By f i l l ing the  t r im m e d  region w ith  adhesive spew fro m  th e  bond line , as is l ikely to  be the  

case in reality, some im p ro ve m e n t can be seen in the  edge regions o f  Figure 9-20. The 

stresses are reduced in the  z x  c o m p o n e n t and especially in th e  z stress, w h ich  has d ropped  

substan t ia l ly . This is expected, due to  the  presence o f  the  adhesive spew  in the  region, 

a l low ing  some load to  trans fe r  and reducing the  in tens i ty  o f  stress concen tra t ions .

The x  stress on the  o th e r  hand has increased som ew ha t w i th  the  a dd i t ion  o f  the  adhesive 

spew in the  t r im m e d  region. This, coupled w ith  the  fact th a t  the  z stress has reduced, leads 

to  the  conclus ion th a t  w ith  the  add it ion  o f  the  adhesive spew  to  th is  region, the  substan t ia l 

peel stresses have now  been trans fe rred  in to  tensile  x  stresses, th ro u g h  th e  adhesive spew, 

in to  the  equ iva len t ply on the  oppos ite  adherend. There is also some ev idence th a t  some 

o f  the  stress has also been converted  to  z x  shear stress.

Trimmed + Adhesive Bondline Stresses

Distance along bondline (m m )

• ZX Shear Stress Tensile X Stress ■■■■■ Normal Z Stress

Figure 9-20: Bondline stresses of a trim m ed and adhesive filled  scarf jo in t

Despite being an advantageous add it ion  to  the  t r im m e d  scarf t ip , the  high stresses in the  

jo in t  do suggest th a t  fa i lu re  in th is  con f igu ra t ion  w il l  stil l o r ig ina te  f ro m  the  square edge in 

the  t r im m e d  tip.
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9.2.1.3 B u tt Edge

The Butt edge con figu ra t ion  is l ikely the  m ost d i f f icu l t  to  m a n u fa c tu re  and is the  r ig h tm o s t  

con f igu ra t ion  seen in Figure 9-18. It involves t r im m in g  the  scarf t ip  o f  one adherend  and 

then  accounting  fo r  th a t  in the  oppos ite  adherend by m ach in ing  a n o th e r  square edge to  fil l 

the  gap th a t  w ou ld  be left by the  tr im m in g .  It was hoped th a t ,  using th is  co n f igu ra t ion  may 

o f fe r  some advantages to  damage to lerance.

However, upon analysing the  stresses in the  bond line  in Figure 9-21, it m ay be th a t  any 

advantage th a t  may be gained in damage to le rance  is to ta l ly  nu l l i f ied  by the  unp receden ted  

increase in the  tensile  x  stress. It w ou ld  appear th a t  w i th  a m in im a l  load ing o f  lOkN, a 

stress o f  app rox im a te ly  90MPa is p roduced in the  b u t t  edge region. This is fa r  in excess o f  

w ha t w ou ld  be described as a reasonable stress fo r  th is  load ing  level.

From the stress pro f i le  seen in Figure 9-21, it w ou ld  seem th a t  the  high tens i le  x  stress seen 

in the  b u t t  edge tips is caused by the  adherend tips a t te m p t in g  to  peel apa rt  f ro m  each 

o th e r  in the x  d irec t ion. The fact th a t  adhesives are cons idered  w eak in peel, coup led  w i th  

the  high x  stress in th is region w ou ld  suggest th a t  fa i lu re  w il l  in i t ia te  here and p ropaga te  

rapidly d ow n  the  length o f the  bond line  causing fa i lu re . As a result, it w o u ld  be 

recom m ended  th a t  a b u t t  edge type con f igu ra t ion  should be avo ided at all costs.

Butt Edge Bondline Stresses
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Figure 9-21: Bondline stresses of a Butt edge tip  scarf jo in t
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9.2.2 Trimmed Offset Scarf Joint

Apply ing the  scarf t ip  t r im m in g  to  the  o ffse t jo in t  co n f igu ra t ion  was also cons idered. The 

b u t t  edge was how ever no t analysed due to  the  o ffse t jo in t  g e o m e try  no t being com pa t ib le .

9.2.2.1 Trim m ed and Unfilled Offset Tip

As in the  previous o ffse t analysis, it was possible to  analyse the  stresses th ro u g h  the  

th ickness o f  the  bond line  as they  tracked f ro m  one adherend  to  the  o the r .  As such, the  

stresses fo r  the  t r im m e d  and unfi l led o ffse t jo in t  can be seen in Figure 9-22 to  Figure 9-24.

The zx  shear stress experienced by the  o ffse t t r im m e d  con f ig u ra t io n  is reduced in 

compar ison to  the  aligned model, how ever, w hen  com par ing  against the  o ffse t plain scarf, 

the  zx  shear is a lm ost identical, the  on ly d if ferences being in th e  t r im m e d  edge region. The 

t r im m e d  edge region does display a h igher zx  shear to  the  plain o f fse t scarf w i th  an 

increase in the  region o f  lOMPa, or 50%. This increase is u n fo r tu n a te ly  unavo idab le  due to  

the  t r im m in g  requ irem ents , bu t it is l ikely th a t  w i th  the  app l ica t ion  o f  cover ing  o r  overplies, 

which are investigated in Chapter 13, th is spike w il l  reduce. By com pa r ing  th e  t r im m e d  t ip  

regions o f  bo th  this con f igu ra t ion  and the  aligned t r im m e d  scarf con f igu ra t ion ,  it can be 

seen th a t  the  stresses are bo th  =25MPa.

0.2 mm Offset Trimmed Upper Bondline Stresses
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Distance along bondline (mm)
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Figure 9-22: Upper bondline stresses of trim m ed and unfilled  offset jo in t
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0.2mm Offset Trimmed M id Bondline Stresses

'v* *0*0 '‘fc* ^  *$?-

Distance along bondline (m m )
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Figure 9-23: M id  bondline stresses of trim m ed and unfilled  offset jo in t

0.2mm Offset Trimmed Lower Bondline Stresses
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Figure 9-24: Lower bondline stresses of trim m ed  and unfilled  offset jo in t
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9.2.2.2 Trim m ed and F illed  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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^  ** ■<%• ■%> V ■>> %  V  •<£ ^  ■<%> •<*
Distance along bondline (m m )

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

Trimmed +Adhesive 0.2mm Offset Upper Bondline Stresses

Figure 9-25: Upper bondline stresses of trim m ed and adhesive filled  offset jo in t

Trimmed +Adhesive 0.2mm Offset M id Bondline Stresses
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Figure 9-26: M idd le  bondline stresses of trim m ed and adhesive filled  offset jo in t
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Trimmed +Adhesive 0.2mm Offset Lower Bondline Stresses
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Figure 9-27: Lower bondline stresses of trim m ed and adhesive filled  o ffset jo in t

9.3 Far-field Checks

In o rde r  to  ensure th a t  the  com pu ta t iona l models w e re  indeed p roduc ing  cohe ren t  

solutions, the far-f ie ld  x  stress fo r  each ply in the  m ode l was ca lcu la ted  ana ly t ica l ly  and 

then  com pared  to  the  tensile  x  stress experienced by th a t  ply in the  co m p u ta t io n a l  mode l. 

The tensile  x  stresses w ere  taken f ro m  plain sections o f  th e  m ode l,  w i th  no in f luence f ro m  

the  bondline. The result ing p ly-by-p ly  com par ison can be seen in Figure 9-28.

The pred icted far-f ie ld  stresses o f  the  0° and the  90° plies w e re  com pa ra t ive  to  those in the  

com pu ta t iona l model. However, the  ±45° plies o f  the  m ode l show ed  fa r  h igher stresses 

than  the  pred ic ted  far-f ie ld . In fact the  stresses in these plies w e re  a lm os t  doub le  th a t  

p red icted.

The likely reason behind th is increase in stress is p ro b a b ly  due to  th e  layup o f  the  

com pos ite  laminate. The far-f ie ld  p red ic t ions do no t take  in to  accoun t any o th e r  plies, 

whereas the  f in i te  e lem en t mode l does. These o th e r  plies cou ld  a ffec t the  w ay  the  

lam inate  d istorts, as the  varying o r ien ta t ions  and stiffness cou ld  re in fo rce  the  lam ina te  

against Poisson's con trac t ion , the reby  s t i f fen ing it. The ±45° plies cou ld  be a ffec ted  by th is 

m ore  than  the o th e r  plies due to  th e ir  ou t o f  plane o r ie n ta t io n .
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Comparison o f 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 com p le t ing  the  f in i te  e lem en t analysis o f  bonded  scarf jo in ts  it was possible to  

com pare  these results to  those o f  analytical p red ic t ion  m e th o d s  described in the  previous 

chapter. It was also possible to  com pare  these p red ic t ions  to  results ob ta ined  via 

mechanical tes t ing  [2],

9.4.1 Aligned Analysis and Computational Model

The shear stresses measured in the  bond line  o f  the  plain, u n t r im m e d  and aligned scarf jo in t  

w ere  com pared  w i th  the  analytically p red icted BASS m ean and BASS peak shear stresses 

calculated via Equation 9-1 and Equation 9-2 respective ly:

P s in  20

2 dt  

fP E i , s in  26

Equation 9-1

-peak
h n S in  Z tA

=  (  — | Equation 9-2
V 2 Ex dt  )

The results o f  these equations w ere  then  p lo t ted  as solid l ines against th e  zx  shear stress 

prof i le  o f  the  bond line . Dashed lines w ere  also added to  th e  p lo t  to  b e t te r  display the
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m ean and peak zx  shear stress num er ica l ly  calculated in the  bond line . The resu ltan t p lo t 

can be seen in Figure 9-29.

Aligned Plain Scarf - Numerical and Analytica l Comparison

£ 20

•<&

Distance along bondline (m m )

XZ Shear Stress BASS EDL Prediction

BASS Peak Prediction —  —  Numerically Calculated Mean

Numerically Calculated Peak

Figure 9-29: Comparison of analytical and num erical results of th e  aligned scarf jo in t

Clearly, the  analytical pred ic t ions o f  the  plain scarf co rre la te  w e ll  w i th  th e  num er ica l  f in i te  

e le m e n t results in bo th  the mean and peak analysis. This is encourag ing  and could, w i th  

posit ive compar ison to  mechanical test ing, va l ida te  b o th  th e  ana ly t ica l and num er ica l  

models.

The t r im m e d  geom e try  was also analysed in a s im ila r fash ion . As before , th e  shear stress 

fo r  the  t r im m e d  geom e try  was also calculated and p lo t te d  on th e  t r im m e d  scarf jo in t  zx  

stress co n to u r  in Figure 9-30:

P s in  20
T tr i m mean ~  oTTTT oT T Equation 9-3

2 d ( t - 2 t t r i m )

(  PE11s\x\20 ^
T t r im_peak =  _  2 t t r i m ) )  Equation 9-4

Despite no t having as good a co rre la t ion  as the u n t r im m e d  scenario, th e  t r im m e d  g e o m e try  

does still seem to  have a v iable mean pred ic t ion . H ow ever,  th e  peak zx  shear stress 

analysis can be considered a bit conservative given th a t  it is a p p ro x im a te ly  13% o r 4 .5M Pa 

h igher than the  com pu ta t iona l.
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As a result, it could be said th a t  the  analytical m e thods  com pare  genera l ly  w e ll  w i th  the  

aligned geom etry , how ever the  t r im m e d  peak analysis c a n n o t be cons idered  to  be as good 

a f i t  w ith  the  com pu ta t iona l  model, as shown in Table 9-1.
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BASS Peak Prediction —  —  Numerically Calculated Mean

—-  Numerically Calculated Peak

Figure 9-30: Comparison of analytical and num erical results of th e  aligned and tr im m ed  scarf jo in t 

Table 9-1: Comparison of prediction m ethods and results

P sin 26 (P  sin 26 }  [ E u \

Plain Scarf 2 d t

Analytical Prediction = FE
T V 2 d t  M E * ]  

Analytical Prediction » FE

P sin 26 (  P sin 26 \ { E u \

Trimmed Scarf 2 d ( t  -  2 t tr im) 

Analytical Prediction < FE

\ 2 d ( t  -  2 t t r im) )  \  Ex )  

Analytical Prediction »  FE

9.4.2 Comparison to Offset Model

Despite being derived fo r  an aligned geom etry ,  the  resu lts  o f  the  ana lytica l BASS 

pred ic t ions, fo r  bo th  mean and peak shear stress in the  bond line , w e re  also com pared  to  

the  zx  shear stresses o f  the  o ffse t geom etry .

From analysing Figure 9-31 and Figure 9-32 it can be seen th a t  the  mean p red ic t ions  fo r  

bo th  plain scarf and t r im m e d  corre la te  very well w i th  the  co m p u ta t io n a l  results. The peak

Distance along bondline (m m )

Aligned Trimmed Scarf - Numerical and Analytica l Comparison
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shear stress however, does show  an overly  conservat ive p red ic t ion  fo r  bo th  scarf edge 

s i tua t ions  w ith  a 10% over-p red ic t ion  in the plain o f fse t and an o ve r -p re d ic t io n  o f  21% in 

th e  t r im m e d  offset. This was expected how ever, as adop t ing  an o f fse t  g e o m e try  does o f fe r  

a reduc t ion  in peak shear stress.

Offset Plain Scarf - Numerical and Analytica l Comparison

o ■e- ■s>

Distance along bondline (m m )

XZ Shear Stress ■■ ■ BASS EDL Prediction

— - ■  BASS Peak Prediction —  —  Numerically Calculated Mean

«—• —» Numerically Calculated Peak

Figure 9-31: Comparison of analytical and com putational results of th e  offset scarf jo in t

As a result, it may be p ruden t to  suggest w o rk  deriv ing a peak zx  shear stress m e th o d  fo r  

o f fse t scarf geom etr ies .

9.4.3 Mechanical Testing

M echan ica l test ing was also carr ied ou t as part o f  a paralle l w o rk  package, described in [2]. 

It invo lved tensile  tests using fu l l  depth , t r im m e d  scarf jo in t  specimens, s im ila r to  th a t  

show n  in Figure 9-4 and w ere  loaded to  fa i lure.

As mechan ica l tes t ing  ascertains the  fa i lu re  load o f  a spec imen, th e  analy t ica l p red ic t ions  

needed to  calculate the  value o f  P. This m ean t using Equation  8-5 and Equation 8-11 

assuming a plain, u n t r im m e d  scarf jo in t  shown in Figure 8-7. The ply t r im m in g  

cons idera t ions  w ere  also applied to  these equations so as to  assess th e  e ffec t iveness o f  th is  

adap ta t ion :
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Offset Trimmed Scarf - Numerical and Analytica l Comparison

i -  -4

■& -

Distance along bondline (m m )

XZ Shear Stress BASS EDL Prediction

BASS Peak Prediction —  Numerically Calculated Mean

—  • Numerically Calculated Peak

Figure 9-32: Comparison of analytical and com putational results o f th e  tr im m ed  and offset scarf jo in t

n _  2 r m d ( t  2 t f r i m )
‘ t r i m mean ~  7 j T o  Equation 9-5

Sin Lu

n ^  2Exr pd ( t  — 2 t t r im)
‘ t r i mj peak ~  T  „• n n  Equation 9-6Cj\\ s in  zt/

It should be noted th a t  the  geom etr ies  tested w ere  aligned scarf jo in ts  w i th  t r im m e d  edges 

as a m anu fac tu r ing  necessity. However, in o rde r  to  assess w h ich  analy t ica l BASS m e th o d  

gave the  best co rre la t ion  to  mechanical test ing, it was dec ided  th a t  bo th  th e  t r im m e d  and 

u n tr im m e d  pred ic t ions w ou ld  be included in the  results, show n  in Figure 9-33.

W hen looking at the low er scarf angles o f  0.7° and 1.5°, it is c lear to  see th a t  th e  analytical 

p red ic t ions are fa r f ro m  accurate and are overly  op t im is t ic .  This was fo u n d  to  be caused by 

the sha l low scarf angle driv ing the  fa i lu re  o f  the  jo in t  f ro m  shear to  an in te r / in t ra  lam ina r 

fa i lure mode, wh ich  is no t accounted fo r  in the analytical p red ic t ion .

The h igher scarf angles o f  3°, 4.5° and 7° corre la te  fa r  m o re  fa vou rab ly  w i th  th e  peak stress

m ethods, as the  measured fa i lu re  loads are slightly h igher than  p red ic ted , th e re b y  g iv ing a 

natural safety margin. It was found  th a t  these specimens fa i led  via a cohesive shear fa i lu re  

o f  the  adhesive. From the  cu rren t  mechanical tes t results, it m ay be th a t  the  peak stress 

p red ic t ions may be the  best analytical m e thod  to  p red ic t  fa i lu re  load, desp ite  no t
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corre la t ing  qu ite  as well w i th  the  com pu ta t iona l.  It w o u ld  also appear th a t  the  t r im m in g  o f  

one ply, as was done in th is  w ork , does no t have a s ign if ican t d e t r im e n ta l  e f fec t to  the 

mechanica l s trength o f  the  scarf jo in t .

Comparison of Mechanical Testing to  Analytica l Predictions
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Figure 9-33: Comparison of m echanical testing to  analytical predictions

9.5 Sensitivity Study

A sens it iv ity  s tudy was also conducted via com pu ta t iona l FE m ode l l ing  on th e  jo in ts  in o rd e r  

to  assess the  im pact th a t  certa in  variables w ou ld  have on th e  bond line  zx  shear stresses. 

The variables iden ti f ied  fo r  analysis were:

•  Adherend  sti ffness;

•  Bondline thickness;

•  Bondline sti ffness;

•  Scarf angle;

•  Loading.

These factors w ere  iden ti f ied  as being the  only geom etr ica l  variab les w i th in  the  m ode l and 

as such w ou ld  be m od if ied  by a certa in percentage in each o f  th e  s tud ied  models.

During the  planning o f  th is sensit iv ity  study a mechanical tes t s tudy  was envisaged fo r  an 

8 m m  th ick  partia l dep th  repa ir  con figu ra t ion . This new  s tudy  w o u ld  vary certa in
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param ete rs  in the  repa ir  specimen to  ascertain th e i r  e ffects. As a result, in o rd e r  to  b e t te r  

com pare  jo in t  pe rfo rm ance  to  these fu tu re  part ia l  d e p th  repa ir  con f igu ra t ions  an 8 m m  

th ick  and 16m m  w ide  index jo in t ,  using an o ffse t con f igu ra t ion , was crea ted  and can be 

seen in Figure 9-34. The boundary  cond it ions  shown in Figure 9-2 and th e  lO kN  loading 

rem a ined  the  same in these models, reducing the  tensile  stress app l ied  to  78 .125M Pa f ro m  

th e  200MPa seen in the  previous jo in t  models.

Figure 9-34: G eom etry of index m odel used in jo in t sensitivity study

The f irs t variable analysed was th a t  o f  the  adherend stiffness. N ew  stiffness m atr ices w e re  

inpu t in to  the  mode l, the reby  having one adherend w i th  a d i f fe re n t  sti f fness f ro m  the  

o ther .  This w ou ld  a l low  a suggestion as to  how  a repa ir  o f  d i f fe r ing  stif fness f ro m  the  

paren t w ou ld  behave, how ever  any conclusions f ro m  th is  s tudy  w o u ld  be l im i ted  due to  the  

fac t th a t  the  ge o m e try  is a jo in t .  It can be seen f ro m  Figure 9-36 th a t  th e  mean z x  shear 

stress has a near cons tan t value, regardless o f  adherend stiffness, w hereas  the  peak shear 

stress reduced w ith  increasing adherend sti ffness.

A m ore  in dep th  analysis o f  the  stresses seen in the  bond line  o f  these m odels , a schem atic  

o f  wh ich  can be seen in Figure 9-39, does how ever show  som e va r ia t ion . This va r ia t ion  

comes in the  fo rm  o f  a shift in the  location o f  the  peak z x  shear stress. W h e n  analysing the  

±50% models, it can be seen th a t  the  location o f  the  peak z x  shear stress shifts sides, as 

seen in Figure 9-37 and Figure 9-38. This shift coincides w i th  changing loca t ion  o f  the  kn ife  

edge o f  the  s t i f fest adherend. As a result, it w ou ld  appear th a t  th e  fo r  th e  +50% sti ffness 

case, the  stress f ro m  the  less s t i f f  adherend, in th is case th e  Index adherend , w an ts  to  

trans fe r  as soon as possible. This the reby  increases the stress seen in the  u p p e rm os t 0° ply 

o f  the  variable stiffness adherend, wh ich  in this case was set at a +50% stiffness and in th e
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bondline. This peak ho w e ve r  is no t as great as w h a t is seen in th e  negative  con f igu ra t ion , 

as load can still t rans fe r  dow n  th rough  the lam inate  to  o th e r  load carry ing  0° plies.

Variable

Stiffness
A dherend

Index
Stiffness
AdherendBondline

Figure 9-35: Diagram of variable adherend stiffness jo in t

For the -50% case, the  stress tr ies to  stay w ith in  the  s t i f fe r  Index adherend  fo r  as long as 

possible, trans fe rr ing  d ow n  th rough  the  lam inate  unti l  it reaches th e  low es t load carry ing  0° 

ply in the  lam inate. This essentia lly concentra tes a great deal o f  th e  stress on th is  ply w h ich  

in tu rn  then  dum ps it in to  the  bond line  at its te rm in a t io n ,  causing a high stress to  be seen in 

th is region o f the bondline.

Variable Adherend Stiffness Joint
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Figure 9-36: Effect of variable stiffness on th e  bondline z x  shear stress
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Adherend Stiffness +50%
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Figure 9-37: z x  shear stress profile of the +50%  adherend stiffness m odel
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Figure 9-38: z x  shear stress profile of the -50%  adherend stiffness m odel
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A sim ilar phenom enon  can be seen w hen  bond ing  adherends o f  d iss im ila r sti f fness in a lap 

con figu ra t ion , as seen in [101]. This ESDU d o cu m e n t [101] shows th a t  an asym m etr ica l  

stress d is tr ibu t ion  is seen in the  bond line  w hen  d iss im ila r m ate r ia ls  are bonded  and can be 

seen in Figure 9-39.

/

i n — - i

Figure 9-39: Lap jo in t of dissimilar m aterials loaded in tension giving an asym m etrical [101]

Figure 9-40 shows the  results o f  varying the  bond line  th ickness by ±50% f ro m  the  Index 

value, giving bond line  th icknesses o f  0 .1m m  and 0 .4m m . Again, the  mean shear stress in 

the  bond line  remains at a near constant value and the peak shear stress seems to  reduce 

gradually  w ith  increasing bond line  thickness.

Variable Bondline Thickness Joint
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| y  = -2.8S
1

)7x + 11.0 A

4y---------- ------------ i ►---------- -------------

1|v

II O o o cn cn V + 4.2752

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Bondline thickness (mm)

♦  Mean ■  Peak  Linear (M ean)  Linear (Peak)

Figure 9-40: Effect of variable bondline thickness on th e  bondline z x  shear stress 

The analysis o f  varying the  bond line  stiffness also show ed th a t  the  mean z x  shear stress in 

the bond line  rem ained constant. The peak zx  shear stress did h o w e v e r  increase w i th  

increasing stiffness. This can be seen in Figure 9-41.
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Variable Bondline Stiffness Joint

y = 0.0177X + 10.094 i

y = 6E-05x + 4.2759

-60 -40 40-20

Change in % of bondline E

Linear (Mean Linear (Peak)■  Peak♦  Mean

Figure 9-41: Effect of variable bondline stiffness on th e  bondline z x  shear stress

The var ia t ion  o f  the  scarf angle was pred ic ted  to  have an e f fec t  on bo th  the  mean and peak 

shear stresses in the bond line  and this was indeed the case, w i th  increasing stresses being 

seen w ith  increasing scarf angle in Figure 9-42.

Variable Angle Joint

y = 2.3441X + 3.0721
12

fy  = 1.3646X + 0.0497]

3 5 6 70 1 2 4

Scarf Angle (degrees)

♦  Mean ■  Peak  Linear (M ean)  Linear (Peak)

Figure 9-42: Effect of variable scarf angle on th e  bondline z x  shear stress
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It was found  th a t  by varying the  load applied to  the  jo in t ,  a l inear re la t ionsh ip  was seen 

show ing tha t w ith  increasing load the re  is an increase in bo th  the  mean and peak bond line  

z x  shear stresses. This is shown in Figure 9-43.

Variable Load

y = 1.0291X-0.0019|

y = 0 .4277x-0.0008

80 62 4 10 12 1614

Load(kN)

♦  Mean ■  Peak  Linear (M ean)  Linear (Peak)

Figure 9-43: Effect of variable load on the bondline z x  shear stress

9.6 Summary
During th is chapter, the  behav iou r o f  scarf jo in ts  has been analysed w i th  regards to  

bond line  stresses. Two main con f igu ra t ions  w ere  investigated : a l igned and o ffse t.  Despite 

the  aligned scarf jo in t  being the  easier to  m anufac tu re , it appeared  th a t  th e  n o rm a l ly  o f fse t  

geom e try  gave superio r load trans fe r  th rough  the  bond line . It should  also be no ted  th a t  a 

norm a lly  offset geom e try  w ou ld  also be the  m ore  realist ic case fo r  a repa ir  design.

The effec t th a t  various scarf t ip  geom etr ies  w ou ld  have on th e  bond line  stresses was also 

investigated. It was noted th a t  a certa in  a m o u n t o f  ply t r im m in g  was necessary to  ensure 

in tegr i ty  at the  scarf t ip  and th a t  a l low ing  the  adhesive spew to  fi l l  any gaps caused by the  

t r im m in g  w ou ld  be advantageous. A b u t t  edge con f igu ra t ion  should  be avo ided at all costs 

due to  the  intense stress concen tra t ions  th a t  are seen in the  t ip  region.

A comparison o f  analytical, com pu ta t iona l  and mechanica l tes t results show ed th a t  the  

mean analytical pred ic t ions co rre la te  well  w i th  bo th  a ligned and o f fse t  g e o m e try  

com pu ta t iona l models. The peak shear stress analytical p red ic t ion  may n o t  have o ffe red  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. Pa r tia l  D epth  R epair

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]4S. In all other aspects, this model will be extremely similar 

to previous models, albeit with some geometrical changes.
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Tufnol End-Tab 
t = 2mm minimum

Parent
Laminate

Patch

Figure 10-1: Original m anufacturing drawing of th e  partial depth repa ir configuration

As in the  scarf jo in t  study, the  materia l p roper t ies  w e re  app l ied  as 0° UD m ate r ia l  

o r ien ta ted  in the  app rop r ia te  d irect ion . The m ate r ia l  used was upda ted  h o w e ve r  to  

represent the  m ater ia l used in the  mechanical tes t s tudy. As in the  p rev ious num er ica l 

studies, the m ode l was given a quasi-isotropic, sym m etr ica l  layup.

Thanks to  the  sym m etr ica l na ture o f  the  geom etry ,  it was possible to  create  a q u a r te r  

model, rep resenta t ive  o f  the  actual geom etry  o f  the  tes t spec imen, w h ich  reduced the  size 

considerab ly. The resu ltan t geom e try  can be seen in Figure 10-2. It should  also be no ted  

th a t  the  repair patch was given an o ffse t o f  0 .2m m , w h ich  is equal to  th e  nom ina l cured 

th ickness o f  the  adhesive.

I

v

Figure 10-2: Dimensions of the partial depth repair Index m odel
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Table 10-1: Dimensions associated w ith  the variables shown in Figure 10-1
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Partial Depth Repair

The boundary  cond it ions  used on th is m ode l w e re  also upda ted  to  represent the  

constra in ts  seen in the  tes t p rogram m e. These can be seen in Figure 10-3. The loading 

applied to  the  geom e try  was kept at lOkN.

As be fore in Chapter 9, x  =  0 , y  =  0, z =  0, deno te  no d isp lacem en t in the  x ,y  and z 

d irec t ions  respective ly and Rx =  0, Ry =  0, Rz =  0 rep resen t no ro ta t io n  a round  the  x ,y  

and z d irect ions respectively. However, before the  e ffec t iveness  o f  a repa ired  g e o m e try  

can be quanti f ied , a damaged and unrepaired ge o m e try  m us t f i rs t  be analysed.

Obviously, a damaged and unrepa ired  lam inates p e r fo rm ance  w il l  be in fe r io r  to  th a t  o f  a 

repaired lam inate; how ever the  ex ten t o f  th is is u n kn o w n . M o d e l l in g  a dam aged lam ina te  

w il l  also a l low  a com par ison to  be made to  q uan t i fy  th e  e ffec t iveness  o f  any repair. This 

was done very s imply by f i rs t m ode ll ing  the  part ia l de p th  repa ir  Index m ode l and rem ov ing  

the  patch and adhesive. The mode l was then  solved and th e  results ex trac ted , a l low ing  an 

analysis to  take place.

Upon looking at the  d is to r t ion  o f  the  unrepa ired  con f igu ra t ion , it w o u ld  appear th a t  the  

n o w  asym m etr ic  lam inate  bows considerably, w i th  the  m a x im u m  d is to r t io n  being 46 .5 m m  

in the  z  d irect ion , as shown in Figure 10-4. This p ronounced  d is to r t io n  occurs in the  

damage region w he re  the  scarf has been m achined and is caused by th e  unbalanced

Figure 10-3: Boundary conditions used in the partial depth  m odels

10.1.1 Unrepaired Model
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lam ina te  in the  scarf region causing a m om en t.  The e x te n t  o f  th is  d is to r t io n ,  cons ider ing  

the  re la tive ly  low  load being applied does give cause fo r  concern . It is also likely, judg ing  

f ro m  the d is to r t ion  o f  the  unrepa ired  lam inate, th a t  an increased a m o u n t  o f  stress w il l  be 

seen in the  base o f  the  scarf region.

The tensile x  strain o f  the  damaged laminate, show n in Figure 10-5, appears to  be 

concen tra ted  in the  base o f  the  scarf region, w h ich  is expected  due to  th e  reduc t ion  o f  the  

though  th ickness in th is region and the  upw ard  bow ing  o f  th e  lam ina te . The m agn itude  o f  

the  strain is also very  high, w h ich  is m ost l ikely due to  th e  d is to r t io n  seen in the  lam inate .

S imilar conclusions can also be gathered by analysing th e  tens i le  x  stress show n  in Figure 

10-6, w ith  ex trem e ly  high stresses being concen tra ted  at th e  base o f  the  scarf region and in 

the  base o f  the cut ou t region.

MSC.Patran 2005 03-Sep-12 11:53:52

Fringe Load Case 2. Static Subcase, Displacements. Translational. Z Component, (N O N -LA Y E R ED ) 

Deform: Load Case 2, Static Subcase, Displacements. Translational, (N O N -L  AYERED)

n

-1 .63 -02___
default_Fringe:

Max 4.65+01 @Nd 1949935 
M in  -1 .63 -02  @Nd 1955237 

default_Deform ation:
Max 4.65+01 @Nd 1949935

Figure 10-4: D istortion of the unrepaired lam in ate  in th e  z  axis

The conclusions th a t  can be gathered f ro m  these plots show  th e  severe d e te r io ra t io n  o f  the  

laminates perfo rm ance  w hen  damaged and unrepa ired . The loss o f  m a te r ia l  in the  

damage, o r  scarf region proves catastrophic to  the  lam ina te . A re la t ive ly  small load o f  

lOkN, o r  78MPa, appears to  be beyond the  capabil i t ies o f  the  rem a in ing  m ate r ia l,  w i th  a 

p ronounced  d is to rt ion , strain and stress measured in the  base o f  th e  dam age region.
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MSC.Patran 2005 0 3 -S ep-1211:50:53

Fringe: Load Case 2. Static Subcase Strain Tensor , X  Component, (N O N -LA Y E R ED )

default_Fringe :
Max 1.97-02 @ Elm  562600,5 
M in  - 1.22-02 @ Elm 558588.8

Figure 10-5: Tensile x  strain of th e  unrepaired lam inate
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MSC.Patran 2005 03-Sep-12 11 52:05

Fringe: Load Case 2. Static Subcase, Stress Tensor., X  Component. (N O N -LA Y E R ED )
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Z

X

default_Fringe :
Max 3.11 +03 @ Elm 562600.5 
M in -3.78+02 @ Elm 558549 3

Figure 10-6: Tensile x  stress of the unrepaired lam in ate

This b r ie f  study shows the  im pera t ive  na ture o f  repa ir to  a com pos i te  s truc tu re  and the  

abso lu te  re qu irem en t to  restore as m uch o f  the orig inal s ti f fness as possible. The analysis 

o f  the  Index repa ir m ode l w il l  show  w h e th e r  th is  m ay be possible using the  concep t 

proposed.

The f irs t model created in the  Partial Depth Repair s tudy was th a t  o f  th e  Index m ode l.  It 

com pr ised o f  a ha lf  dep th , 4m m  o r 8 plies deep, repair, a 3° scarf and a quas i- iso trop ic  

layup. This p r im ary  mode l w ou ld  a l low  an unders tand ing  o f  th e  b ehav iou r  o f  the  strains 

and stresses in the  repair region and also a l low  qua l i ta t ive  and q u a n t i ta t iv e  com par isons  be 

m ade to  any con f igu ra t ion  varia tions.

10.1.2.1 Index D is to rtion

The d is to r t ion  o f  the  Index mode l, show n  in Figure 10-7, can be seen to  be p re d o m in a n t ly  

in the  negative z d irec t ion , w ith  the  m ax im um  d is to r t io n  being -0 .185m m . The fact th a t  

th is  d is to r t ion  is very  small is encourag ing, bu t is expected due th e  repa ir  patch on ly  being 

o ffse t by the  repair adhesive th ickness o f  0 .2m m.

10.1.2 Index Model
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MSC.Patran 2005 22- A u g -12 10:50:18

Fringe Load Case 1, Static Subcase. Displacements, Translational. Z Component, (N O N -LA Y E R ED ) 

Deform: Load Case 1, Static Subcase, Displacements, Translational, . (N O N -LA Y E R ED )

-3.71-02 _

1.85-011

-4.94-02
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default_Fringe :
Max 0 @Nd 225683 
M in -1 85-01 @Nd 253327 
default_Deform ation:

Max 1.96-01 (giNd 251976

Figure 10-7: Distortion of Partial Depth Repair Index m odel - N ote: M easu rem en ts  w ere  only taken of the  z
com ponent

It can be seen th a t  the  appl ica t ion  o f  the repair patch to  th e  dam aged lam ina te  is e x trem e ly  

benefic ia l, w i th  the d is to r t ion  o f  the Index drastica lly reduced f ro m  th a t  o f  th e  unrepa ired . 

By s imply com par ing  Figure 10-4 and Figure 10-7 the  v iab i l i ty  o f  the  repa ir  concep t seems 

fa ir ly  positive in th is  early analysis.

By measuring the  tensile  x  strain going th rough  the  repa ir  reg ion it was possible to  assess 

th e  e ff ic iency o f  the  repa ir design in trans fe rr ing  load f ro m  th e  pa ren t  lam ina te  to  the  

repair. Figure 10-8 shows the  l inear trend  in stra in seen in th e  repa ir  reg ion, f r o m  the  

b o t to m  o f  the  parent lam inate  to  the  to p  o f  the patch. Clearly, th e  fac t th a t  th e re  is on ly  a 

d i f fe rence  o f  0.0002, o r  13.8% in the  m ax im um  and m in im u m  stra in, c learly  shows a near 

even strain d is tr ibu t ion  in the  repa ir region. This, in itself, is e x tre m e ly  encourag ing  as it 

suggests th a t  the concep t does w o rk  as a repa ir  in t rans fe r r ing  load. The fac t th a t  the  

pa ren t lam inate  does still carry a slightly h igher strain is unsurpr is ing  as it sti l l  re ta ins a 

h igher stiffness load path, due to  the  unbroken plies in th e  unders ide  o f  th e  repair. Figure 

10-9 shows the  fr inge p lo t o f  the tensile x  strain seen in the  repair. It can be p la in ly seen 

th a t  the  va r ia t ion  seen in the  s truc tu re  is very l i t t le . This is a m arked  im p ro v e m e n t  f ro m

10.1.2.2 Index S train
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the unrepa ired  and it con f i rm s tha t the  concept o f  the  repa ir  does t ra n s fe r  load e ffec t ive ly  

f ro m  parent lam inate  to  the  repa ir patch. There are conce n tra t io n s  in th e  te rm in a t io n s  o f  

the 0° plies, bu t th is is expected and the varia tions seen here are no t pa r t icu la r ly  large.

Through Thickness Strain o f Index M odel

9

-  7 xOJ

c

§ s

0 — 
0.0012 0.00125 0.001350.0013 0.0014 0.00145 0.0015

Strain

Figure 10-8: Tensile x  strain through the thickness of th e  m odel in the  repair region
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Figure 10-9: Fringe plot of the tensile x  strain seen in th e  repair
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In o rde r  to  b e t te r  unders tand th e  behav iour o f  stra in in va ry ing  x  loca tions a long the  length  

o f  the  repair, the  tensile  x  s tra in  c o m p o n e n t was m easured as be fo re  in the  repa ir  reg ion in 

locations identi f ied  in Figure 10-10.

Repair
Region

Bondline
Region

Figure 10-10: Locations of strain measurement in the Index model

Plott ing the  strains in Figure 10-11 shows th a t  the  strains do vary  s o m e w h a t  as the  regions 

measured progress d ow n  the  x  axis. These var ia t ions  are no t  o f  a s ign if ican t a m o u n t ;  

h ow ever there  are spikes in Bondline Regions. Bondline Region 2 has a larger spike 

a tt r ibu tab le  to  the  presence o f  a 0° ply te rm in a t io n  in th e  bond line  reg ion o f  the  

m easurem ent area. There is also a var ia t ion  in the  stra in seen in th e  p ro f i le  o f  the  Parent 

Laminate region. This is m ost l ikely due to  the  na ture  o f  the  de f lec t ion  seen in the  m ode l.

Strain Variation in the Index M odel

9

E
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c
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Tensile Strain

Repair Region — —> Bondline Region 1 Bondline Region 2

Bondline Region 3 — — Parent Lam inate

Figure 10-11: Strain variation in through the x axis of the Index model
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By fu r th e r  analysing the  strain in the  Repair Region, it is possible to  ca lcu la te  the  a m o u n t  o f  

load being trans fe rred  across th e  bond line  and a l low  an es t im a te  in to  the  e ffec t iveness o f  

the repair to  be made. This was done  by calculat ing the  mean stra in  in th e  repa ir  patch and 

also the  to ta l  mean, in bo th  th e  patch and the  underly ing  p a re n t  lam ina te . This gave tw o  

values: Evatch and £totai show n in Figure 10-12.

£ Patch

Figure 10-12: Repair patch and to ta l lam inate strain m easu rem ent areas 

Upon doing this, it was found  th a t  the  values o f  these regions w h e n  sub jec ted  to  a load o f  

lOkN were:

hatch =  0 .0 0 1 2 8 9 5  

£totai =  0 .0 0 1 3 4 8

Using these values then  a l low ed th e  ca lcu la t ion o f  the  percen tage  o f  load tra n s fe r  f ro m  the  

parent p late to  the repa ir  patch to  be calculated:

Load T r a n s fe r  =  (  vatch\  x  10 0
'  £ to ta l  '

/ 0 . 0 0 1 2 8 9 5 \
------------------- x  10 0

V 0 .0 0 1 3 4 8  )

Load T ra n s fe r  =  95 .7  %

This value o f  95.7% is ex trem e ly  encourag ing, as it shows th a t  on ly  4.3% o f  the  load th a t  

should be passing th rough  the  repa ir  is bypassing in to  the  undam aged pa ren t m ate r ia l.  

This suggests th a t  the  repair patch concep t is sound.
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10.1.2.3 Index Stress

As in the  scarf jo in ts , the  stresses in the  bond line  w ere  also analysed. Unsurpris ing ly , the  

stresses in the  part ia l dep th  w e re  com parable  to  those o f  the  fu l l  dep th  scarf jo in t  w i th  a 

s im ilar d is t r ibu t ion  o f  spikes and troughs th rough  the  bond line  show n in Figure 10-13.

One no tab le  fea tu re  is the  f la t  l ine seen on the  le ft side o f  th e  graph. This reg ion  o f  level 

stress is a t t r ibu tab le  to  the  adhesive in the  f la t  unders ide  o f  the  repa ir  patch, show n  in 

Figure 10-14. This region is un l ike ly  to  carry any shear o r  peel loading, as suggested by the  

very low  levels o f  these com ponen ts ;  how ever it is sub jected  to  a tens i le  x  stress. This is 

unders tandab le  and expected due to  the  nature o f  the  bond line  in th is  reg ion being paralle l 

to  the  loading d irection.

As in the  stress analysis o f  the  fu l l  dep th  jo in ts , it was possible to  sp l it  the  bond line  in to  

upper, m idd le  and lo w e r  levels to  unders tand the  d is tr ib u t io n  o f  stresses th ro u g h  it. As 

expected, very l i t t le  d i f fe rence can be seen be tw een  the  stress p ro f i les  o f  the  repa ir  and the  

jo in t ,  except fo r  the  no tab le  f la t region in the  repair mode l. This is an encourag ing  fact, as it 

may a l low  an adap ta t ion  o f  the  BASS model to  be used to  take  in to  accoun t the  part ia l  

dep th  na ture o f  the  repair and a l lo w  a fa i lure load p red ic t ion  to  be made. This is exp lo red  

more  fu l ly  in Section 10.2.
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Figure 10-13: Stress profile of th e  bondline shear stress in a partia l depth  repair
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It can be seen th a t  the  mean o f  the  z x  shear stresses seen in the  bond line  is 3 .75M Pa and 

the  peak is equal to  9MPa. The results are qua l i ta t ive ly  s im ila r to  those  seen in the  

norm a lly  o ffse t scarf jo in t  discussed in Section 9.1.2. The m ean and peak zx  shear stresses 

seen in the  repair m ode l are h o w e ve r  substant ia l ly  reduced, by 64% and 65% respective ly , 

w hen  com pared to  those seen in an equ iva len t jo in t ,  show n  in Figure 9-11. These figures 

w e re  found  by d iv id ing the  stress seen in the  repa ir  by th a t  seen in th e  jo in t :

Stress Reduction ( Repa ir  r  mPmir,Pnk \-  1 0 0 -   - _____ mean,pea* x  ^Q Q  j Equation 10-1

( % )  \  / o i n t  T m ean ,peak  )

This is doubtless due to  the  fact th a t  some o f  the  load is track ing  a round  the  repair, th ro u g h  

the  undamaged paren t lam ina te  found  under the  repair.

Repair

Parent
Lam inateLevel Stress Region

Figure 10-14: Location of level stress region in the underside of the patch in partial depth  repairs 

Similar reduct ions can also be seen in the rem ain ing  stress com ponen ts .  Analysis o f  the  

tensile  x  stress levels seen in th e  bond line  shows a reduc t ion  o f  57% seen in bo th  the  mean 

and peak. The mean and peak o f  the  peel stress in the  repa ir  bond line  are reduced by 67% 

and 63% respectively, w hen  com pared  to  those o f  the  n o rm a l ly  o f fse t jo in t .

Fringe plots o f  the  s truc tu re  su rround ing  the  bond line  w e re  also analysed. Figure 10-18 

shows the  zx  shear stress in the  scarf region and Figure 10-19 shows a de ta i led  v iew  o f  the  

zx  stresses seen at the  te rm in a t io n  o f  the  0° plies. S im ilar f r inge  p lo ts  w e re  also analysed 

fo r  the  tensile x  stress in Figure 10-20 and Figure 10-21 and th e  fr inge  p lo ts  dep ic t ing  th e  z 

peel stress are shown in Figure 10-22 and Figure 10-23.

I
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Upper Bond Index
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Figure 10-15: U pper bondline shear stresses of Index partial dep th  repair 

From these fr inge plots, it can be seen tha t the  on ly  real va r ia t ion  can be seen at the  

te rm in a t io n  region o f  the 0° plies in the bondline. This is expected  and w il l  m os t p robab ly  

be the  status quo fo r  s im ilar concepts.

To conclude, it w ou ld  appear th a t  the behav iour o f  the  repa ir  con f ig u ra t io n  is subs tan t ia l ly  

b e t te r  than  th a t  o f  an equ iva len t jo in t  and an un repa ired  lam ina te . T he re fo re  the  BASS 

m ethod  used to  calculate the  fa i lu re  load o f  scarf jo in ts  w i l l  be to o  conserva t ive  fo r  part ia l  

depth  repairs. As a result, fu r th e r  deve lopm en t w il l  be requ ired  to  a l low  th is  m e thod ,  o r  a 

sim ilar one, to  adequa te ly  p red ic t the  behav iour o f  part ia l de p th  repairs.
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M id Bond Index
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Figure 10-16: M id d le  bondline shear stresses of Index partial depth  repair

Lower Bond Index
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Figure 10-17: Lower bondline shear stresses o f Index partial depth  repair
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MSC.Patran 2005 03-Sep-12 10:12:52

Fringe Load Case 1, Static Subcase. Stress Tensor. . ZX Component, (NON-LAYERED) I
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Figure 10-18: zx  shear stress fringe plot o f Index m odel 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
term ination  of 0° plies
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MSC.Patran 2005 03- Sep-12 10:56:36

Fringe: Load Case 1, Static Subcase, Stress Tensor, . X Component, (NON-LAYERED)

-1.18-01
default_Fringe:

Max 3.74+02 @Elm 273489.5 
M in -1.18-01 @Elm 21599.6

Figure 10-20: Fringe plot of the tensile x  stresses seen in th e  repair
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Figure 10-21: Detailed view  of the red square region Figure 10-20 depicting tensile x  stresses at th e  base of 
the scarf region -  the bondline region is ou tlined  in red
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MSC.Patran 2005 OS-Sep-12 10:52:33 g ?+-
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Figure 10-22: Fringe plot of the peel z stresses seen in the  repair

MSCParo ;oosaj-f<*p-1. to s. i i
?n iyr  L o *lC «e  I Suns* r«ttf 2 C *itp :w tr it.O N -tA YE kED )

Figure 10-23: Detailed view  of the red square region of Figure 10-22 showing th e  peel z stress seen a t th e  tip  

of the  scarf patch -  the bondline region is ou tlin ed  in red
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10.1.3 Trimmed and Adhesive Filled Index Model

The t r im m e d  and adhesive f i l led scarf t ip  geom e try  was also app l ied  to  the  part ia l dep th  

repa ir  con f igu ra t ion  so as to  analyse its effects. As seen be fo re  in th e  analysis o f  a bonded  

jo in t  w ith  the  same scarf t ip  con f igu ra t ion , very  l i t t le  has changed f ro m  th e  Index. A pa rt  

f ro m  the  spikes seen in the  t ip  region, the  qua l i ta t ive  and q u a n t i ta t iv e  d i f fe rence  be tw een  

the  part ia l dep th  Index and the  t r im m e d  and adhesive m ode l can be cons idered as 

neglig ible. The same conclusions f ro m  9.2.1.2 can also be app l ied  to  th is  analysis.

Upper Bond T+A Index Patch

& 'fr *o *9 *3 <%> s> -£> "cr ^  &<r so So \  So ,

Distance along x axis (m m )

• ZX Shear Stress ■ . . .i Tensile X Stress — — 1 Normal Z Stress

Figure 10-24: Upper bondline shear stress of trim m ed and adhesive filled  Index m odel 

It should be noted th a t  the  peak tensile x  stress seen in the  scarf t ip  reg ion is reduced by 

60% fro m  th a t  seen in the  equ iva len t jo in ts  analysed in C hap te r 9. This is s im ila r to  the  

reduct ion  o f  applied stress seen in the part ia l dep th  repa ir  models.
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Mid Bond Ql T+A Index Patch
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^  ^  •«> -V <%' ^  v  ^  •*> ^  %  \  %  %  %

Distance along x axis (m m )

•ZX Shear Stress ■ -  Tensile X Stress «—™— Normal Z Stress

Figure 10-25: M id  bondline shear stresses of trim m ed and adhesive filled  Index m odel

Lower Bond Ql T+A Index Patch
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Figure 10-26: Lower bondline shear stresses o f trim m ed and adhesive filled  Index m odel
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10.2 Comparison of Partial Depth Repairs 

to Joints

In o rd e r  to  ascerta in th a t  the  repa ir  concept does indeed w o rk ,  it is necessary to  com pare  

the  load being t rans fe r red  in the  part ia l  dep th  repair to  its e qu iva len t  jo in t .  This is due to 

the  fac t th a t  in a scarf jo in t  fo rces the load to  tra n s fe r  f r o m  one adherend  to  the  o ther ,  

w hereas  th e  part ia l dep th  repa ir  does no t  necessarily requ ire  th is  to  happen, as the  load 

can no t on ly  track th ro u g h  th e  repa ir  bu t also th ro u g h  th e  undam aged  unders ide  o f  the  

paren t.

The qua l i ta t ive  and q u a n t i ta t ive  d if fe rences in the  d is to r t io n  o f  the  part ia l  dep th  repa ir  

con f ig u ra t io n  com pared  to  th a t  o f  the  scarf jo in t  are substan t ia l.  This is to  be expected 

h o w e v e r  due to  the  d i f fe re n t  geom etr ies .

As m e n t io n e d  previously , the  stresses in bo th  the  jo in t  and the  part ia l  de p th  repa ir  are 

m o re  o r  less identica l in the  scarf region, w i th  very  l i t t le  va r ia t ion . The on ly  real d i f fe rence  

can be seen in the  f la t  region at the  base o f  the repair, seen f r o m  Omm to  =70m m  w h e re  a 

near 0 MPa shear stress value is seen fo r  the  same app lied  load, as can be seen in Figure 

10-27:

Partial Depth Index and 8mm Scarf Joint ZX Shear Stress

40 60 80 100 

Distance along the bondline (m m )

120 140 160

 - " Joint — —  Partial Depth

Figure 10-27: Com parison of shear stresses seen in full depth jo in t to  partia l dep th  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:

•  Repair patch depth;

• Repair patch stiffness;

• Bondline thickness;

• Bondline stiffness;

• Scarf angle;

• Loading;

•  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 jo in t study, seen in chapter 

9.5.

The effect o f 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

175.



Partial Depth Repair

show  th a t  w i th  increasing repa ir  patch stiffness the re  is a re d u c t io n  in stra in  seen in the  

patch  and an increase in strain w i th  reduced patch stiffness. This was c o n tra ry  to  w h a t  was 

assumed, as it was th o u g h t  th a t  by increasing the  stiffness o f  th e  repa ir  patch, an increase 

in the  load t rans fe r  w ou ld  be ev ident . From fu r th e r  inves tiga t ion , it can be seen th a t  these 

stra ins m ay no t re f lec t  load trans fe r,  bu t the e ffec t o f  th e  resu l tan t  d is to r t io n  o f  the  repair. 

Figure 10-31 and Figure 10-32 show  the  e ffec t th a t  a patch  w i th  an increased stiffness o f  

50% and a reduced patch stif fness o f  50% has on the  repair. It can be seen th a t  Figure 

10-31 bow s d ow nw ards ,  as in th e  Index case, bu t Figure 10-32 show s an upw ard  d is to r t io n  

s im ila r  to  th a t  seen fo r  an un repa ired  laminate, seen in Section 10.1.1. Analysis o f  the  

tens i le  x  stresses in the repair patches show h igher stresses in th e  reduced stiffness patch 

com pared  to  its increased stiffness coun te rpa rt .  These can be seen in Figure 10-33 and 

Figure 10-34. The var ia t ion  o f  stresses be tw een  these tw o  s i tua t ions  is m os t l ikely due to  

the  d is to r t io n  o f  th e  repair reg ion caused by the  increased /decreased  patch stiffness.

Variable Repair Depth
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Figure 10-28: Effect of repair depth on bondline shear stresses

W hen  analysing the  e ffec t o f  bond line  th ickness, stiffness, scarf angle and loading fo r  th e  

part ia l  d e p th  repairs f ro m  Figure 10-35 to  Figure 10-38 respect ive ly , s im ila r conclus ions can 

be ga the red  as in th e  jo in t  s tudy  due to  the qua l i ta t ive  s im ila r i t ies  in th e  results. There are 

q u a n t i ta t iv e  d ifferences, bu t 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

Through Thickness Strains of the Repair Region in Variable Patch
Stiffness Models
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Figure 10-30: Strains m easured through the thickness of the repair region in th e  variab le patch stiffness
models
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Figure 10-31: D istortion o f the E+50% m odel in th e  z axis
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Figure 10-32: D istortion o f the E-50% m odel in th e  z  axis
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Figure 10-33: Tensile x  stress seen in the repair region of 50%  stiffe r patch
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Figure 10-34: Tensile x  stress seen in th e  repair region of a patch w ith  a 50%  reduced stiffness
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As expected, the  va r ia t ion  o f  load ing  had a l inear e f fec t on th e  stresses seen in th e  bond line  

and can be seen in Figure 10-38. This p lo t  appears qua l i ta t ive ly  s im ila r to  th e  variab le  load 

analysis carr ied ou t in the  jo in t  sensit iv ity  s tudy in Section 9.5 and as such, s im ila r 

conclusions can be gathered.

Variable Bondline Thickness

y = -0.6162x + 10.745

0 1 2 3 4 5 6
Bond t  in re la tio n  to  p a re n t p la te  t  (%)

♦  Mean ■  Peak  Linear (M ean)  Linear (Peak)

Figure 10-35: Effect of bondline thickness on bondline shear stresses

Variable Bondline Stiffness

y = 0.2164x + 7.7699

y = 013081X + 3.7232 |

% o f p a re n t E

■  Peak Linear (M ean) Linear (Peak)♦  Mean

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

Variable Loading
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Figure 10-38: Effect of loading on bondline shear stresses

The e ffec t o f  varying the  repa ir  patch layup can be com pared  to  the  va r ia t ion  o f  th e  repa ir  

patch stiffness as m ore  d irec t iona l layups can affec t the  tens i le  stif fness o f  the  repa ir  patch. 

However, varia tions to  the  quasi- isotrop ic  layup w e re  also investigated . One m ode l 

investigated ro ta t ing  the  repa ir  patch layup by 90° re la t ive  to  th e  pa ren t plate, e f fec t ive ly
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pairing oppos ite  ply o r ien ta t ions . For exam ple  a 0° ply in the  pa ren t w o u ld  jo in  to  a 90° ply 

in the  repair patch and a +45° ply w o u ld  jo in  a -45° ply. An a l te rna t ive  layup o r ie n ta te d  the  

plies in the  lam inate  in a c lockwise fashion, th e re b y  g iv ing a [+ 4 5 /9 0 / -4 5 /0 ]  lam ina te . This 

clocked layup may a l low  easier and b e t te r  f lo w  o f  stress in the  lam ina te , as the  stiffness 

m ism atch  be tw een  the  plies is less than  if they  w e re  o r ie n ta te d  in a m o re  t ra d i t io n a l  quasi 

iso trop ic  layup. Table 10-2 and Figure 10-39 show  th e  results and e ffec t o f  vary ing  the  

repa ir  patch layup on the  shear stresses seen in the  bond line . Reducing the  n u m b e r  o f  0° 

plies in the  lam inate  increases the  stress seen in the  bond line . This w o u ld  mean th a t  a 

lam inate  such as the  1 2 .5 /3 7 .5 /5 0  layup, w h ich  is a lam ina te  com pr is ing  o f  12.5% o f  0° 

plies, 37.5% o f  45° plies and 50% o f  90° plies, w il l  have an increased co n cen tra t ion  o f  load 

seen by the  0° plies. This can be seen as the  subsequen t increased in tens i ty  o f  the  load 

being trans fe rred  across the  bond line . The oppos ite  is also t ru e  fo r  the  5 0 /37 .5 /12 .5 .

Table 10-2: Results o f repair patch layup varia tion

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 f ro m  the  clocked layup, it can be seen th a t  th e re  is no 

advantage or disadvantage in changing the  Index quasi iso trop ic  layup used in th is  w o rk  to  

th a t  o f  a clocked quasi iso trop ic . It was hoped th a t  th e re  w o u ld  be reduced shear stresses 

seen in the  bond line  due to  reduced stiffness m ism atch  b e tw e e n  plies in th e  lam inates. 

This appears to  no t be the  case h o w e ve r  and the  results ga the red  f ro m  the  clocked layup 

m ode l are s im ilar to  those o f  th e  Index model.

Apply ing a 90° ro ta t ion  to  the  repa ir  patch layup, th e re b y  jo in in g  oppos ite  plies via the  

bond line  appears to  give favou rab le  results, as bond line  shear stresses appear reduced. 

This may be due to  the  load being m ore  d is t r ib u te d  in the  bond line , th e re b y  reduc ing  the  

in tens i ty  o f  concentra t ions.
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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 in to  a partia l dep th  repa ir was conduc ted  so as to  b e t te r  unders tand  the  

effectiveness o f  pre-cured repa ir  patches. An ideal Index g e o m e try  was crea ted  so as to  act 

as a baseline. This included t r im m e d  plies in the  patch to  accoun t fo r  m anu fac tu r ing  

capabil i t ies and to  avoid t ip  w arp ing . The e ffec t o f  ply t r im m in g  was l im i ted  to  the  t ip  

regions and the  qua l i ta t ive  and quan t i ta t ive  d if fe rences b e tw e e n  the  plain and t r im m e d  

and adhesive f i l led models w e re  m in im al.

A compar ison was also made be tw een  the  Index part ia l  de p th  m ode l and th a t  o f  an 

equ iva len t scarf jo in t .  The on ly  substantia l va r ia t ion  b e tw e e n  these tw o  mode ls  was the  

f la t  region seen in the part ia l d e p th  m ode l w h ich  represented  th e  unders ide  o f  th e  repa ir  

patch. There was also a reduc t ion  in the peak z x  shear stress seen in th e  bond line . This 

reduct ion  in peak shear stress was expected due to  load bypassing the  repa ir  patch th ro u g h  

the  undamaged paren t m ater ia l.

A sensit iv ity s tudy was also carr ied o u t  on the  variables associated w i th  th e  part ia l  d e p th  

repair Index m ode l. These variab les included patch dep th , patch stiffness, bond line  

th ickness and sti ffness, e ffec t o f  scarf angle, loading and va r ia t ion  o f  layup. It was fo u n d  

th a t  the  mean bond line  shear stresses rem ained fa ir ly  cons tan t . The peak bond line  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.



I
Development of the Scarf Repair Analysis Method (SCRAM)

11. D evelo pm en t  of t h e  Scarf 

Repair  A nalysis M etho d  

(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 jo int
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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 26
^  = 2dt *  ^  Equation 11-1

This then results in the prediction of the failure load, assuming evenly distributed load 

across the bondline to be:

p _  2 rmd t
mean ~  Bm x  sin 29 Equation n *2

and likewise, for the peak load:

_  ^ExTpdt
* ipeak Bp X En  sin 28 Equation ll-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 jo int and may require additional investigation into the jo int 

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.

186.



Development o f the Scarf Repair Analysis M ethod (SCRAM)

Sensitivity Study Variable Analysis
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Figure 11-1: Variable analysis of th e  repair patch depth fro m  th e  sensitivity study

Despite the  l inear re la tions seen in these figures, the re  d id n o t  seem to  be any ind ica t ion  o f  

any re la t ionsh ip  o r  fac to r  th a t  may be possibly applied to  the  ex is ting BASS m e thod .

As a result, it was decided to  adop t an a l te rna t ive  m e th o d  th a t  w o u ld  be able to  ascerta in 

the  factors required to  m od ify  the  BASS m ethod .

11.3 Using Orthogonal Arrays

The sensit iv ity  studies previously  carr ied ou t  in th is  w o rk  have con ce n tra te d  on vary ing  a 

single fac to r  by a certa in  degree to  no te  the  e ffec t th a t  th e  fa c to r  has on th e  result. W h i le  

th is  is im po rtan t,  it som et im es cannot give the  deta il requ ired .

An a l te rnat ive  m e thod  w ou ld  be to  use m a tr ix  exper im en ts , w h e re  th e  se tt ings o f  va r ious 

p roduc t o r  process param ete rs  s tudied are varied f ro m  one e xp e r im e n t  to  a n o th e r  [104]. 

Once the  m atr ix  exper im ents  have been conducted, the  data can be ga the red  to g e th e r  and 

analysed to  de te rm ine  the  effects o f  the  param eters  [104]. O r thogona l arrays are 

specialised matrices th a t  a l low  the  effects o f  several pa ram e te rs  to  be d e te rm in ed  in an 

e ff ic ien t m anner [104]. The theo ry  behind these is w e ll  es tab l ished and can be re fe rred  to  

in several tex tbooks  on expe r im en ta l  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 =  (yA2B2 -  yA1B2) -  (yA2B1 -  yA1B1)

=  ( yA2B2  +  y A lB l )  ~  (X 4 2 B 1  +  Ya 1B 2)

Plotting this graphically gives:

y

1
/ Figure 11-2: 2 -factor interaction be tw een  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 a D a

1 l 1 1 i 1 1 i 1 1 1 1 1 1 1 1
2 1 1 1 1 1 i 2 2 2 2 2 2 2 2
3 1 1 2 2 2 2 1 1 1 1 2 2 2 2
4 l 1 1 2 2 2 2 2 2 2 2 1 1 1 1
5 l 2 2 1 1 2 2 1 1 2 2 1 1 2 2
6 l 2 2 1 1 2 2 2 2 1 1 2 2 1 1
7 l 2 2 2 2 1 1 1 1 2 2 2 2 1 1
8 l 2 2 2 2 1 1 2 2 1 1 1 1 2 2
9 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2
10 2 1 2 1 2 1 2 2 1 2 1 2 1 2 1
11 2 1 2 2 1 2 1 1 2 1 2 2 1 2 1
12 2 1 2 2 1 2 1 2 1 2 1 1 2 1 2
13 2 2 1 1 2 2 1 1 2 2 1 1 2 2 1
14 2 2 1 1 2 2 1 2 1 1 2 2 1 1 2
15 2 2 1 2 1 1 2 1 2 2 1 2 1 1 2
16 2 2 1 2 1 1 2 2 1 1 2 1 2 2 1

1

4 12 8

Figure 11-3: Diagram  of th e  interdependencies of variables used fo r L16 array [104]

This w ou ld  a l low  the  analysis o f  5 indiv idual variables and th e  com b ina t ions  o f  these 

variables, set at tw o  d i f fe re n t  levels to  be analysed. The 5 variab les se lected fo r  analysis 

w ere :

•  Scarf Angle;

•  Repair Patch Depth;

•  Repair Patch Stiffness;

•  Bondline Thickness;

•  Bondline Stiffness

These factors w ou ld  then  be com b ined  in to  the  various p e rm u ta t io n s ,  fo r  exam ple  Scarf 

Angle and Repair Patch Depth com bined .
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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 jo int 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 jo int 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 m  Factor
Using the results of the sensitivity studies of both the full depth scarf jo in t and the partial 

depth repair, seen in Section 9.5 and Section 10.3 respectively, it was possible to start 

deriving possible factors for Bm.

The results of the Linear Graph Analysis shows that the primary factors found for the mean 

shear stress, or evenly distributed load analysis, were:

• Repair Patch Stiffness (CRE)

• Repair Patch Thickness (CRt)

•  Combination of both Repair Patch Stiffness and Depth (CRERt)
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This would suggest that the Bm 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
v = ------------------------------------------------------ = --------- =  0.25

Parent Laminate Variable  (Depth) 8mm

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
s =  —  ----------------------------------------------(M P a) = --------=  0.818

Joint Bondline ZX Shear Stress 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 5 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 =  0.115i72 -I- 0.0856V +  0.7941

where S —  CRepair Patch Thickness  f3Ctor, or CRf  and 17 0.25. So.

CRt =  0.115(0.25)2 +  0.0856(0.25) +  0.7941

CRt =  0.8226875
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This value represents the  e ffec t th a t  a 2m m  th ick  repa ir  pa tch  in an 8 m m  pa ren t lam ina te  

w ou ld  have on the  mean bond line  shear stress o f  a repair. The same pr inc ip le  can th e n  be 

applied to  find the  CRepair pa tch st i f f ness  ^ r e  fdc tor.

C components fo r Bm

1.20

= 0.115V2 + 0.0856V+ 0.79411.00

.80

s = -0.0884V2 + 0.3176v + 0.6577
2  0.60

s = 0.2806V2 + 0.0231V + 0.6934

0.40

0.20

0.00
0.2 0.6 0.80 0.4 1 1.2 1.61.4

V Ratio

♦  8m m  Parent ■  6m m  4m m  Parent x  Stiffness

 Poly. (8m m  Parent) Poly. (4m m  P a re n t) Poly. (Stiffness)

F ig u re  1 1 -4 : P lo t o f  th e  M e a n  b o n d lin e  s h e a r s tre s s  k n o c k -d o w n  c o m p o n e n ts  o r  C fa c to rs

Assuming th a t  the  in it ia l hypothesis o f  the  mean Bm fa c to r  having c o m p o n e n ts  o f  bo th  

Repair Patch Stiffness and Repair Patch Thickness as w e ll  as a c o m b in a t io n  o f  bo th , it w o u ld  

suggest that:

Bm — CRECRtCRERt

w here  CRERTis the  c o m p o n e n t o f  bo th  Repair Patch Thickness and Stiffness com b ined .

However, due to  the  lam inar na ture o f  composites, th e re  is an in h e re n t  re la t ionsh ip  

be tw een  Repair Patch Stiffness and Repair Patch Depth. Indeed, it can be seen in the  

sensit iv ity  studies conducted  as part o f  th is w o rk  th a t  w i th  increasing Repair Patch 

Thickness the re  is an increase in the  Repair Patch Stiffness. There is also th e  poss ib i l i ty  th a t  

calculat ing these fac tors  separate ly and then  com b in ing  th e m  could  in t ro d u ce  a doub le  

accounting in the  ha lf  dep th  s itua tion  fo r  example due to  th e  g e o m e try  being part o f  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 CRERt factor, this would mean that:

— CRERt

11.4.2 Combined CRERt Component

The derivation of the CRERT 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 a 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:

/ Repair E Repair t \
v — -------------- x -------------- )

\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 Bm

1.20
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0.80
s = -0.0985V2 + 0.3356V + 0 .7 3 7 1 1

« 0.60

0.40

0.20
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V Ratio

Figure 11-5: Single C Factor of Repair Patch Stiffness and Thickness 

Applying this singular equation as the Bm factor has some advantages over combining the 

individual components. Firstly, it is easier to calculate, with only one equation required to
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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 Bm. Therefore:

Bm =  -0.0985172 +  0.3356v +  0.7371

11.4.3 Comparison to Computational Analysis

Applying the Bm 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 CRERt 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 Bm =  CRERt 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 Bm =  CRERt 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 o f Predicted Mean and C om putational Analysis 
Shear Stress in the Bondline
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Figure 11-6: Com parison of both m ean analytical and co m p uta tio nal results

11.5 Components of the Peak Factor

Comparison o f  the  BASS m e thods  to  mechanical tes t  results in Section 9.4.3 shows th a t  the  

peak analysis m e thod  has the  best corre la t ion . As a result, th is  m e th o d  w il l  m os t l ikely give 

a v iable p red iction to  the  part ia l dep th  repairs con f igu ra t ion .

According to  the Linear Graph Analysis, the  p r im ary  fac tors  a ffec t ing  th e  peak shear stress 

in the  bondline o f  the  repair w e re  found  to  be:

•  Bondline Thickness ( CBt)

•  Repair Patch Depth  ( CRt)

•  Bondline Stiffness (CBE)

•  Com bina t ion  o f  bo th  Repair Patch Depth and Repair Patch Stiffness ( CRERt)

•  C om binat ion  o f  bo th  Repair Patch Depth and Bondline Stiffness (CRtBE)

Due to  the increased sens it iv ity  o f  the  peak stress, it was dec ided to  ex tend  th e  investigated 

factors  to  5, to  b e t te r  account fo r  any possible var ia t ion .

i  5:15

1 m ! m iIB ? 1 m  i i m

195.



Development of the Scarf Repair Analysis Method (SCRAM)

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 Bp factor:

• Cbt

• CBT x CRt

• CBT x CRt x CBE

• CBT x CRt x CBE x CRtRE

• CBT x CRt x CBE x CRtRE x CRtBE

Alternative components that weren't identified in the Taguchi analysis were also applied:

• Cre

• CRt x  CRE

• CRERt

•  Cscarf

The first three of these alternative components can be seen to be taken directly out of the 

Bm factor. This was done in order to ascertain whether a Bp factor would be necessary. 

The CScarf  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 CScarf  

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 Bm factor due to the inherent 

relationship held by the identified components. However, this is not the case for the 

components identified for the Bp factor. These components were nevertheless combined 

to ascertain the following components:

• cBtRt

• cBtRtBE

A combined component of CRERt, 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 jo int 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 A l, 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.

I
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W hen analysing the  quas i- isotrop ic  configurat ions, the  proposed  m e thods  appear to  b e t te r  

pred ict fa i lure load, w ith  the  suggested fa i lure  loads being t ig h t ly  c lus tered  a round  those 

measured th rough  mechanical test ing.

Comparison o f Prediction M ethods to  Mechanical Testing
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F ig u re  1 1 -7 : C o m p a r is o n  o f  m e c h a n ic a l te s t  re s u lts  a n d  s e le c t a n a ly s is  m e th o d s

From the viable m e thods shown in Figure 11-7 it w o u ld  appear th a t  the  best co r re la t ion  is 

seen w ith  the CBt x  CRt m e thod  and as such, it is suggested th a t  Bp should  be com pr ised  o f  

these com ponents . Therefore:

Bp — x  CRt

This is however, on ly  based on the  quas i- iso trop ic  geom e tr ies  and th a t  d i f fe re n t  

com ponen ts  may be requ ired fo r  m ore  d irec t iona l o r  an iso trop ic  layups. It should also be 

no ted  th a t  fo r  the  4 m m  th ick quasi- iso trop ic  paren t lam inates, the  p red ic t ions  are s l igh t ly  

op tim is t ic , suggesting th a t  an add it iona l  fac to r  may be requ ired  to  accoun t fo r  pa ren t  

lam inate  thickness.

Referr ing back to  the  sensit iv ity  s tudy carr ied o u t  in Section 10.3 how ever ,  it can be seen 

th a t  the  analysis o f  vary ing repa ir  patch dep th , show n in Figure 10-28, does show  th a t  the  

th in n e r  laminates do have sl ightly low e r  peak shear stresses in th e  bond line . In the  25% 

d ep th  repair patch case, the peak seen in the  8 m m  th ick  lam ina te  is 4.6% h igher than  th a t  

seen in the  4m m  th ick  lam inate. In the  half dep th  repa ir  the  8 m m  th ick  lam ina te  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 0° 

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 jo int 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 Bm 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.
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Table 11-2: Geometrical information of specimen used in mechanical testing along with individual and
average results
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Comparison o f Analytical and Com putational Peak Shear Stress
in the Bondline
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Figure 11-8: Comparison of peak analytical prediction to  com puta tional peak 

t \ r t11.7 Factor X

In o rde r to  fu l ly  explain the  behav iour o f  a part ia l de p th  repair, add it iona l com p o n e n ts  

a n d /o r  factors may also be required. A t the  m om en t,  these are u n kn o w n  and w il l  have to  

remain so unti l  m ore  mechanical data has been ga thered, h o w e ve r  suggestions w il l  be pu t 

fo rw a rd  in th is Section.

As suggested in Section 11.4.3 and 11.6.2, the re  may be a co m p o n e n t  o r  fa c to r  th a t  m ay be 

required to  account fo r  pa ren t lam inate  thickness. This cou ld  im p rove  the  p red ic t ions  

made fo r  the  4 m m  th ick  paren t lam inate  geom etr ies  and could a l low  a b e t te r  f i t  fo r  o th e r  

thicknesses yet to  be s tudied. This w il l  requ ire  a fu l le r  com pa ra t ive  analysis than  th a t  

already conducted, vary ing no t on ly  the  parent lam ina te  th ickness, bu t  also the  patch 

thickness to o  so as to  also measure the  e ffec t o f  its va r ia t ion . This may a m o u n t  to  a several 

models and care m ust also be taken to  ensure th a t  th e  pa ren t  lam ina tes  analysed are 

sym m etr ica l and th a t  the  orig in o f  the  scarf be pos it ioned in a 0° ply.

There is also the  suggestion th a t  a no the r  fac to r  may also be app l ied  to  accoun t fo r  the  

m ore  d irect iona l layups. This may take the  fo rm  o f  an accoun t ing  o f  the  pa ren t lam ina tes  

stiffness o r  f ro m  the  percentage o f  a certa in ply o r ie n ta t io n  in the  to ta l  lam ina te . H ow ever,
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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:

2 r^ d t
P-mean ~  X  sin 2 8  *  ^ a c ^o r  %  Equation 11-4

and

2/̂ j^T‘p eft

Ppeak =  Bp x  E n  sin 28 *  FaCt° r  X  Et<uation u -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

202.



Development of the Scarf Repair Analysis Method (SCRAM)

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. M anu facturing

Considerations

Throughout this work, the assumption has been that the jo in t 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 the 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 pos it ion ing  is one possible fo rm  o f  inaccuracy th a t  m ay a ffec t the  

eff ic iency o f  a repair. Due to  geom e tr ic  constra in ts  posed by th e  m ach ined  dam age region, 

the  a m o u n t  o f  x  m isa l ignm ent o r  o f fse t th a t  could be m o de l led  was ±2 .5m m .

O f f s e t

Patch

Adhesive ^  

Parent
Measuring Point

Figure 12-1: Schematic of inaccurate patch positioning  

Given th a t  th is m isa lignm ent w o u ld  essentia lly increase/decrease th e  bond line  th ickness, 

the  overall e f fec t w ou ld  be s im ila r to  th a t  o f  vary ing the  bond line  th ickness, as investigated  

in Sections 9.5 and 10.3. The results o f  vary ing the  patch pos i t ion ing  can be seen in Figure 

12 - 2 :

Effect of Inaccurate Positioning

y = 0.033x2 + 0.0971X + 9.0444

CL

-0.0137X + 3.7765■o
c
oCO

3 2 0 1 2 31
X M isa lign m e n t (m m )

♦  Mean ■  Peak  Linear (M ean)  Poly. (Peak)

Figure 12-2: Effect o f inaccurate patch positioning  

It w o u ld  appear th a t  the  e ffec t o f  pos it iona l inaccuracy is fa ir ly  m in im a l,  bo th  in te rm s  o f  

mean bond line  shear stress and in peak bond line  shear stress as bo th  levels rem ain  v i r tua l ly

206.



Manufacturing Considerations

constant. There is a s l ight increase o f  5% seen in the  peak shear stress f ro m  increasing the  

offse t posit ive ly  by 2 .5m m ; th e re b y  reducing the  bond line  th ickness, bu t  th is  is ve ry  small.

By analysing the  shear stress pro f i les  o f  the  models, it is possible to  see the  e ffec t th a t  

patch posit ion ing  has on the  shear stress d is tr ibu t ion  in th e  bond line . Figure 12-3 shows 

th a t  the  th ree  d i f fe re n t  patch pos it ions give re la t ive ly  s im ila r  stress prof i les, a lbe it  w i th  

certa in  variations, w hen  m easured from  the  centre  o f  th e  bond line , show n  by the  

m easuring po in t in Figure 12-1, o u t  tow a rds  the  te rm in a t io n  p o in t  at th e  scarf patch tips.

Effect of Inaccurate Patch Positioning
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Figure 12-3: Shear stress profiles o f inaccurate patch positions

It can be seen th a t  the re  are certa in  steps or kinks in the  p ro f i le  o f  the  o f fse t  geom etr ies ,  as 

well  as w h a t  can be described as doub le  o r  square spikes th a t  w e re  seen in the  a ligned jo in t  

models. These are u n d oub ted ly  caused by the  en c ro a ch m e n t o f  ply te rm in a t io n  regions 

in to  load trans fe r  regions. The e ffec t o f  these encroachm en ts  is h o w e ve r  m in im a l,  as no 

excessively sharp increase o r  decrease in shear stress can be seen, apa r t  f ro m  in the  usual 

0° ply regions. It w ou ld  appear th a t  the  positive X+2.5m m , case has an increased n u m b e r  

o f  these features com pared  to  the  X-2 .5m m  case, m os t l ikely due to  the  reduced bond line  

th ickness wh ich  is resu ltan t to  the  posit ion ing. There is also an increased range in the  shear 

stresses seen in the  X+2.5mm case and a reduced range fo r  the  X -2 .5m m , w h ich  can also be 

a t t r ib u te d  to  the  varying bond line  thickness.
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As a result, it can easily be conc luded th a t  inaccurate patch  pos i t ion ing  in the  x  axis has, at 

most, very  l im ited  e ffec t on bo th  the  mean and peak shear stress in th e  bond line . It also 

re inforces the  observa t ions made regarding the  e f fe c t  o f  bond line  th ickness in the  

sensit iv ity  study.

12.1.2 Effect of Angular Misalignment or Patch 'Tilt'

Angular m isa l ignm ent o f  the patch, o r  patch ' t i l t ' ,  assesses th e  e f fe c t  th a t  va ry ing  the  angle 

o f  the  patch f ro m  being perfec t ly  para lle l to the  paren t lam ina te  has on th e  bond line  shear

stresses.

Offset

A dhesiveParent

Figure 12-4: Schematic of Patch Tilt 

The m a x im u m /m in im u m  t i l t  angle th a t  can be achieved is l im i te d  by th e  g e o m e try  o f  the  

machined damage region to  ±0.075°. The fact th a t  th is  angle is ve ry  small can be 

considered an advantage as any negative effects th a t  th e  t i l t  m ay have w il l  be l im i ted  by 

the  geom etry . There is also the  fact th a t  varying the  patch t i l t  w i l l  essentia l ly  vary  bond line  

th ickness, w ith  the  -0.075° m ode l having a slightly th in n e r  bond line  at th e  t ip  o f  the  repa ir  

region and the +0.075° mode l having a m arg ina l ly  th ic ke r  bond line  at th e  t ip . As a result, 

the  com posite  plies in the  patch w il l  be slightly ou t  o f  a l ig n m e n t w i th  th e i r  pa ren t lam ina te  

coun te rpa rts  and th is may cause some var ia t ion  in the  b ond l ine  shear stresses. The results 

o f  the  analysis conducted  on the  sens it iv ity  o f  patch t i l t  can be seen in Figure 12-5.

The var ia t ion  o f  patch t i l t  has ve ry  l i t t le  e f fec t on the  mean shear stresses in the  bond line , 

how ever  there  is some va r ia t ion  seen in the  peak shear stress levels. It w o u ld  appear th a t  

w i th  increasing t i l t ,  the re  is a reduc t ion  in peak shear stress levels. This can be com pared  to  

increasing the  bond line  th ickness, w h ich  also causes a decrease in peak shear stress, as 

show n in Sections 9.5 and 10.3. This bond line  th ickness va r ia t ion  can be seen in Figure 12-4 

as the  slight increase in patch t i l t  increases the  th ickness o f  th e  bond line  a t the  t ip  o f  the  

repa ir  patch. Despite the  increased var ia t ion  o f  peak bond line  shear stress, the  overa l l
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range is still qu i te  small, being on ly  ~1.5MPa o r  =15%. H ow ever,  it should  be no ted  th a t  

th is small range is possibly l im ited  by the ex trem e ly  small va r ia t ion  in th e  t i l t ,  be ing on ly  

±0.075°. If it w ere  geom etr ica l ly  possible to  a l low  a g re a te r  t i l t  angle, it is ve ry  feasible th a t  

th is w il l  result in a fa r  g rea te r  range in peak shear stresses.

Effect o f Patch T ilt
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Figure 12-5: Effect of patch tilt

Analysing the shear stress p ro f i les  o f  the  models show n  in Figure 12-6 shows th a t  

qua l ita t ive ly , the  stress prof i les rem ain re la tive ly  unchanged. There are h o w e ve r  some 

quan t i ta t ive  differences, the  m os t appa ren t o f  w h ich  can be seen at the  peaks a t t r ib u ta b le  

to  the  0° plies and at the  troughs seen jus t a fte r.  The increased sens i t iv i ty  o f  the  peaks as 

they  near the  edge o f  the  repa ir  patch is m ost l ikely due to  the  va r ia t ion  o f  th e  bond line  

th ickness a t t r ibu tab le  to  the  t i l t  angle. An analysis o f  bond line  th ickness in Sections 9.5 and 

10.3 show th a t  an increased bond line  th ickness reduces th e  peak shear stress seen in the  

bondlines o f  bo th  fu l l  dep th  jo in ts  and partia l dep th  repairs and th is  appears  to  be the  case 

in th is s i tuation. This may be due to  the  th icke r bond line  a l low ing  b e t te r  load d is tr ib u t io n  

on the  one side o f  the  repair. It seems th a t  the  side o f  th e  repa ir  w i th  th e  increased t i l t  o f  

+0.075° has be t te r  load d is tr ibu t ion , as the  m agn itude  o f  th e  spikes seen on th is side are 

reduced. It can be argued th a t  the  load trans fe r  o f  the  pos it ive  t i l t  side o f  the  repa ir m ay be 

be tte r, m ost l ikely due to  the  gradua lly  th icken ing  bond line  in th is  con f igu ra t ion .
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Figure 12-6: Shear stress profiles of varying patch tilt  

The conclusions th a t  can be taken  from  this s tudy are th a t  the  patch t i l t  desp ite  its 

re la t ive ly  small var ia t ion  can have an effec t on the shear stress levels in the  bond line . 

These appear h ighest in the  repa ir  t ip  region, bu t the  range o f  peak shear stress is qu i te  

small, being on ly app rox im a te ly  2.5MPa, o r 15 %. A d m it te d ly ,  th e  range o f  angu lar t i l t  

analysed was incred ib ly  small, ho w e ve r  the geom e tr ic  cons tra in ts  o f  the  repa ir  res tr ic ted  

any a t te m p t  o f  using h igher t i l t  angles. If how ever  the  g e o m e try  a l low ed  a g rea te r  range o f  

angular t i l ts  to  be analysed, it w o u ld  be apparen t f ro m  the  tre n d  seen here, th a t  the  range 

o f  peak shear stresses in the  repa ir  t ip  regions w il l  increase w i th  increasing t i l t  angle. As a 

result, it w ou ld  be re com m ended  th a t  the angu lar t i l t  shou ld  be l im i te d  as m uch  as 

possible, bu t as the  m achined dam age region should res tr ic t  m uch  o f  th is, it should be fa ir ly  

con tro llab le .

12.1.3 Combination of Inaccurate Position and T ilt

The next logical step is to  com b ine  the  effects o f  bo th  an inaccura te  patch pos it ion  and an 

angular t i l t ,  since a com b ina t ion  o f  these scenarios is th e  m os t l ike ly  to  occur. S im ilar ly  to  

the  previous models, the re  w e re  geom etr ica l cons tra in ts  as to  h o w  m uch  geom etr ica l  

va r ia t ion  th a t  could be applied. These w ou ld  increase s l igh t ly  f r o m  th e  p rev ious levels due 

to  the  com b ina t ion  o f  bo th  pos it iona l and t i l t  var ia t ion , b u t  to  a l lo w  a com parab le  analysis, 

the  o ffse t values rem ained the  same as in previous models.
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Figure 12-7: Schematic of Positional and Tilt M isa lignm ent 

The results o f  th is investigat ion  can be seen in Figure 12-8. One cons idera t ion  th a t  m us t be 

made is the  fact th a t  the  pos it iona l o f fse t and t i l t  angle canno t be p lo t te d  on th e  same axis 

w i th o u t  some fo rm  o f  no rm a lis ing  factor. As a result, it was dec ided th a t  the  s i tua t ion  

w here  the posit ional o ffse t and the  t i l t  angle w e re  negative, w o u ld  be p lo t te d  at a pos it ion  

w here  x  =  — 1 and the  posit ive c o u n te rp a r t  was x — 1.

Effect o f Inaccurate Patch Position and T ilt
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Figure 12-8: Effect of inaccurate patch position and tilt

Again, the  results show th a t  the  mean level o f  shear stress in th e  bond line  is una ffec ted  

regardless o f  the  a l ignm en t s i tua t ion . The peak shear stresses are qua l i ta t ive ly  s im ila r to  

the  t i l t  results seen in Figure 12-5, how ever the re  are s l ight va r ia t ions . These may be due 

to  the  fact th a t  w hen  analysed separately, the  peak shear stress o f  the  pos it iona l m ode ls  

increases w ith  increasing pos it iona l o ffse t and th a t  w i th  increasing angu la r  t i l t ,  th e  bond line
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shear stress reduces. That fac t tha t ,  separately, these variab les behave inverse ly to  each 

o ther, w ou ld  suggest th a t  an increase in t i l t  angle w il l  c o u n te r  an increase in pos it iona l 

o ffse t and a decrease in pos it iona l o ffse t w ou ld  c o u n te r  a decrease in angu la r t i l t .  These 

are unexpected results and the  fac t th a t  one fo rm  o f  m isa l ignm en t coun te rs  the  o th e r  may 

reduce the  e ffec t th a t  m anu fac tu r ing  inaccuracies cou ld  have on th e  overa l l  repair. 

H ow ever f ro m  cu rren t  ev idence, th is  appears m in im a l.

An analysis o f  the  shear stress prof iles, seen in Figure 12-9, shows the  com b ined  e ffec t o f  

vary ing the  posit ion and t i l t  angle has on the  shear stresses in the  bond line . Natura l ly , the  

stress profi les appear to  be a co m b ina t ion  o f  the  pro f i les  seen in Figure 12-3 and Figure 

12 - 6 .

Effect o f Combined Positional M isa lignm ent andT ilt
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Figure 12*9: Shear stress profiles of variable positional and angular t ilt  inaccuracies 

As a result, com b in ing  the  e ffec ts  o f  an inaccurate patch pos i t ion  and t i l t  does no t have an 

over ly  d ram atic  result on the  stresses seen in the  bond line . The fac t th e  d o m in a n t  e f fec t 

seems to  be patch t i l t  w ou ld  lead to  the  conclus ion th a t  th is  is th e  fa c to r  th a t  m us t be 

ensured to  be as accurate as possible and it may be suggested th a t  som e too l  to  aid 

accurate patch app l ica t ion  should  be investigated.

An in terest ing fu r th e r  analysis th a t  w il l  p robab ly  be requ ired  is th e  e f fec t  o f  surface 

o r ien ta t ion . If the  repa ir  surface is on the  upper side o f  a ho r izon ta l  s t ruc tu re ,  fo r  exam ple  

the  upper surface o f  a w ing, th e n  norm al vacuum pressure and patch se l f-r igh t ing  m ay
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occur, thereby limiting any negative effects of patch misalignment. 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. Ideally, 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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Figure 12-10: Effect of rotational m isorien tation

A m ore  likely scenario is th a t  the  angles investigated m ay be to o  small to  p roduce  an e ffec t 

on the  shear stress in the  bondline, and th a t  the  load sti l l t rans fe rs  re la t ive ly  sm oo th ly .  It 

may be requ ired  th a t  a fu l ly  3D m ode l be uti l ised to  investigate  th is  m anu fa c tu r in g  e r ro r  

fu r th e r  in o rde r  b e t te r  unders tand  the  e ffec t th a t  it may have.

Rotational Offset Comparison

Distance a long bon d lin e  (m m )

INDEX ■ —  ■■ 1 Beg O ff 3 Deg O ff ■...... 5 Deg O ff

Figure 12-11: Shear stress profiles o f m isorien tated  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 o f 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 

~ ±50pm. 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 

±0.075mm 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.
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12.3 Extra Considerations

The human and m achine inaccuracies covered in th is ch a p te r  are by no means exhaustive. 

They are how ever ones th a t  can be readily  and feasib ly  m ode l led  and assessed. Some 

cons iderations are fa r m ore  d i f f icu l t ,  variable o r  un feas ib le  to  m ode l,  h o w e ve r  an 

unders tand ing  o f  th e m  should sti l l  be sought.

12.3.1 Tip Warping

One cons iderat ion th a t  m ust be considered is Tip w arp ing . This p h e n o m e n o n  is 

a t t r ib u ta b le  to  the  fea ther ing  o f  the  scarf patch t ips once th e y  have been m ach ined o u t  o f  

th e i r  orig inal plate and is described in Figure 12-12. The d e tr im e n ta l  e ffec ts  o f  t ip  

fea ther ing  and w arp ing  have a lready been described in ch a p te r  8.4 and an exam ple  can be 

seen in Figure 8-6. However, th e  e ffec t th a t  th is fe a th e r in g  w il l  have has no t  been 

analysed.

T ip  w a rp in g
A dhesive

Parent Plate

Figure 12-12: Schematic of repair patch w ith  tip  w arping

It is l ikely however, th a t  th is  w il l  no t  be a p rob lem . Only the  e x tre m e ly  th in  regions o f  the  

patch tips wil l  be susceptib le to  the  w arp ing  and it is a lm os t certa in  th a t  any patch m ade 

w il l  have the  ex trem e t ip  m ach ined off, o r t r im m e d , at a set po in t .  This w il l  l im i t  o r  possib ly 

even to ta l ly  negate the  d is to r t io n  seen due to  t ip  fea the r ing . Repair patches sub jec ted  to  

th is  do w arp  by a small degree, bu t this is co rrec ted  w h e n  the  patch  is bonded  un d e r  

vacuum  pressure. This fact, coup led  w ith  th a t  o f  the  p red ic t ion  and subsequen t m ode l l ing  

o f  the  t ip  d is to r t ion  being ex tre m e ly  challenging has p ro m p te d  th e  conc lus ion th a t  th is  

cons idera t ion  may no t be requ ired  to  fu l ly  unders tand th e  repa ir  and may in fac t be ignored 

in th is w ork .

12.3.2 Hand Machining

Currently, no au tom a ted  m e th o d  has been used to  m ach ine  o u t  dam age using a scarf 

con f igu ra t ion  on a ircraft. As a result, the  m achin ing o f  scarf regions by hand should be 

accounted fo r  when  consider ing 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 at. [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 t ilt 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. N ovel Concepts

This chap te r  seeks to  analyse certa in  concepts th a t  m ay im p ro ve  on th e  Index o r  c u rre n t  

baseline. Concepts such as th e  Overply , are a lready used extensive ly , h o w e v e r  these are 

based on reduced te m p e ra tu re  cure materia ls, w h ich  m ay no t p e r fo rm  as w e ll  as an 

autoc lave cured coun te rpa rt .  As a result, a possible im p ro v e m e n t  w o u ld  be to  inco rpo ra te  

these overplies in to the  repa ir patch itself, th e re b y  o ffe r ing  th e  same bene fi ts  o f  a p re ­

cured and m achined repair patch to  the  overp l ies o f  th a t  same repair. These could inc lude 

reduced m anu fac tu r ing  t im e  and NDT evaluat ion p r io r  to  bond ing . Var ious con f igu ra t ions  

are analysed and are com pared  to  the  cu rren t baseline o f  reduced te m p e ra tu re  Co-bonded 

Overplies.

Studies are also carried ou t on vary ing  the  scarf angle in the  repa ir  reg ion re la tive to  ply 

o r ie n ta t io n  in the  M u lt i -A ng le  concep t and re lative to  pos i t ion  in the  x  axis in the  S-Bend 

concept. These concepts d rast ica l ly  reduce the  length o f  th e  repa ir  region, th e re b y  

reducing the  size o f  the repair. This does come at the  price o f  increased bond line  stresses; 

h o w ever  th is study seeks to  ascerta in w h e th e r  th is is a price w o r th  paying.

13.1 Overplies

Overplies have been described p rev ious ly  in th is  w o rk  in Section 5.3 and have been show n 

to  have some benefi ts  in reducing the  stresses seen in th e  bond line  [34], h o w e v e r  these are 

typ ica l ly  made o f  reduced te m p e ra tu re ,  co-bonded pre -p reg  plies and several p rob lem s can 

be envis ioned w i th  th e ir  use.

The incorpora ted  overplies concep t can avoid m any o f  these p rob lem s by having these 

overp l ies lam ina ted  as part o f  the  repa ir  patch in the  orig ina l lam ina te . These w il l  th e n  be 

bonded  in to  the  repa ir  area as a single piece, shown in Figure 13-1.

Co-Cured Covering Plies

Adhesive

Repair Patch

Parent Lam inate
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Figure 13-1: Schematic of a repair patch w ith  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]2s 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]2s 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 th e  overlap region used in the m odels o f the Co-bonded overply m odel

Figure 13-4: Term ination of the overplies used in the  Co-bonded overplies m odel

. . L n a
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W hen com par ing  the  d is to r t ion  o f  th e  Co-bonded overp l ies  m ode l, show n  in Figure 13-5, to  

th a t  o f  the Index, it can be seen th a t ,  a lthough the re  are qua l i ta t ive  s im ila r i t ies , th e re  are 

fa ir ly  large quan t i ta t ive  d ifferences. The m ax im um  d is to r t io n  seen in th e  Index, w hen  

subjected to  lOkN was 0 .185m m  in th e  negative z d i rec t ion , w hereas  in th is  m ode l it was 

found  to  be 1.12mm in the  negative z d irec t ion . This 83.5% increase in d is to r t io n  can 

un d oub ted ly  be a t t r ib u te d  to  the  in troduc t ion  o f  the  C o-bonded  overp l ies  to  the  o u te r  

surface o f the  repair patch causing the  lam inate  to  becom e unsym m etr ica l.  W hen  the  

co m p o n e n t is loaded in tension, these plies w il l  cause a m o m e n t  th a t  w il l  increase th e  s l ight 

d o w n w a rd  d is to r t ion  seen in the  Index model. It is also feasib le  th a t  the  increased stiffness 

o f fe red  by the  appl ication o f  these overplies also con tr ibu tes  to  th is  increased d is to r t ion .
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Figure 13-5: D istortion in the z axis of a Co-bonded O verp ly repair 

An in it ia l investigation in to the  stra in  showed a l inear va r ia t ion  in the  tens i le  x  strain seen 

th rough  the  thickness o f  the  mode l in the z axis, show n in Figure 13-6. The h ighest stra in 

was found  to  be at the  b o t to m  o f  th e  parent s truc tu re  and th e  low es t at th e  to p  o f  the  

overplies. This was expected as the  same behav iour was seen in all p rev ious mode ls  and 

the  d is to r t ion  o f  the  repair show n in Figure 13-5 suggests increased ex tens ion  on the  

b o t to m  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

0.0012 0.00140.0004 0.0006 0.0008 

Tensile x Strain

0.001 0.0016 0.00180.0002

Figure 13-6: Tensile x  strain m easured in repair region o f O verp ly m odel

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 o f 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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fo r  these regions can be seen at 4 0 m m  and 113 ,92m m , w i th  the  unders ide  o f  th e  repa ir  

f lo w in g  into th e  scarf region at 4 0 m m  and the  scarf reg ion and up p e r  bond line  tran s i t io n in g  

to  the  overp ly  bond line  region a t 113.92. This is shown in m o re  deta i l  in Figure 13-10.

Co-Bonded Overplies and Index Configuration Strain Comparison

0.00080.0002 0.0004 0.0006 0.001 0.0012 0.0014 0.0016 0.0018

Tensile x S tra in

■ ■ Pre-preg Overplies — —Index

Figure 13-7: Comparison of strains seen in Co-bonded O verplies m odel to  Index  

As expected, the  uppe r  bond line  shows very l i t t le  va r ia t ion , s tay ing at a nearly  cons tan t 

va lue th ro u g h o u t  its length. The lo w e r  bond line  on th e  o th e r  hand varies, as in prev ious 

models, w ith  peaks in the  location o f  0° plies and spikes at the  square te rm in a t io n  reg ion o f 

th e  overp lies. As a result, a second p lo t  on ly  disp laying th e  results o f  the  lo w e r  bond line  

was c reated and can be seen in Figure 13-11.

R e p a ir  P a tc h

U p p e r  B o n d lin e

V
   —

Parent S tructure

L o w e r  B o n d lin e

Figure 13-8: Bondline regions of th e  Low Tem perature  Co-bonded O verplies m odel
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Bondline Stresses o f Low Temperature Co-Bonded Overplies

Distance along x axis (m m )

Upper ZX Upper X Upper Z Lower ZX Lower X ■■■■—.....Lower Z

Figure 13-9: Effect of Low Tem perature Cured Overplies

Scarf RegionRepair
Patch Overplies

Bondline Stresses of Low Temperature Co-Bonded Overplies

D ist anc e alo ng  x axis ( m m )

U p p e r Z X  U p p e r X   U p p e r Z   L o w e r Z X   L o w e r X  — ......  L o w e r  Z

Figure 13-10: Depiction of geom etrical association to  Figure 13-9
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Tte results o f  th e  low e r  bond line  show n in Figure 13-11 look ve ry  m uch the  same as those 

ol the  Index m ode l s tudied in C hap te r  10.1.2. The on ly  real d i f fe rence  b e tw e e n  the  tw o  

st ess results is the  add it ion  o f  the  run o f f  region a t t r ib u ta b le  to  the  overp l ies  w i th  reduced 

st'esses in the  patch t ip  region. However, stress spikes have been in tro d u ce d  in th is  area. 

These spikes are u n d oub ted ly  due to  the  square edges p resen ted  by the  te rm in a t io n  o f  the  

overplies and are com parab le  to  those seen in th e  scarf region o f  th e  Index m ode l. 

However, the  fina l tw o  spikes rep resen t ing  the  final and p e n u lt im a te  ove rp ly  te rm in a t io n  

pcints, show increased levels o f  stress, especially in th e  z co m p o n e n t .  This increased level 

o f z ,  o r peel stress, is unders tandab le  and expected due to  th e  square edge p resen ted  by 

the overp ly  te rm in a t io n .  It is h ighly l ikely however, th a t  in a real w o r ld  s i tua t ion , th is  spike 

w ou ld  be som ew ha t reduced due to  the  presence o f  an adhesive spew  reg ion. This w o u ld  

give a natura l taper ing  at th is po in t;  im prov ing  the  t ra n s fe r  o f  load and ease any stress 

concentra t ions in th is region.

Lower bondline stresses o f Co-Bonded Overplies

——  ZX Stress —— X Stress Z Stress

D istance along x axis (m m )

Figure 13-11: Lower bondline stresses of Low Tem p eratu re  Co-bonded m odel 

A comparison p lo t  o f  the  zx  bond l ine  shear stresses seen in th e  overp l ies  m ode l and in the  

Index can be seen in Figure 13-12. This shows th a t  the  a d d i t ion  o f  th e  overp l ies  reduces the  

shear stresses seen in the  bond line  region w ith  the  e ffec t becom ing  m o re  substan t ia l w i th  

increasing p rox im i ty  to  the  t ip  o f  the  repa ir  patch. The spikes seen in th e  overp ly  ru n o f f  

region are not as s ignif icant as those  seen in the  x  and z stress co m p o n e n ts  and a l though  

the spike seen at the  te rm in a t io n  o f  the overp l ies is fa ir ly  high, it is a p p ro x im a te ly  1.5MPa,
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or 25% less than  th e  peak seen w ith in  the  scarf region. Despite  this, th e  spikes seen in the  

overp ly  region are qu ite  sharp, w h ich  suggest stress concen tra t ions . These can again be 

expla ined by the  square edges presented by the  te rm in a t io n  o f  the  overp l ies.

As a result, f ro m  th is analysis, it w ou ld  seem th a t  the  a d d i t ion  o f  lo w  te m p e ra tu re  cured 

overp l ies to  an em bedded  scarf repair, w ou ld  give some benefi ts , as show n  in Figure 13-12, 

by reducing the  peak zx  shear stress seen in the  bond line  by 15%. H o w e ve r  th e  overp l ies  

analysed in th is w o rk  do behave in a s im ilar fashion to  Lap jo in ts  and w o u ld  also p resent 

some o f  the  d isadvantages th a t  are associated w ith  th a t  con f igu ra t ion . There is how ever ,  

very  l i t t le  th a t  can be done to  avoid this. There is also the  cons ide ra t ion  th a t  the  

app l ica t ion  o f  these plies w il l  cause the  lam inate  to  becom e unsym m etr ica l,  w h ich  may 

a ffec t the  mechanica l behav iour o f  the  repair.

Comparison o f zx Shear Stresses in Overplies and Index M odels
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f&fofs T o f f s ' & &  fsfofs

Distance along x axis (m m )

—  Overplies  - In d e x

Figure 13-12: Comparison of zx  shear stresses in Overply and Index m odels  

As a result, it can be seen th a t  the  appl icat ion o f  Co-bonded overp l ies  does indeed o f fe r  

certa in  s truc tu ra l  benefits, bu t these could possibly be im p roved  upon  by using the  

inco rpo ra ted  ove rp ly  concept, wh ich  is investigated in the  next section.

13.1.2 Incorporated Overplies with Square Edge

The inco rpo ra ted  con f igu ra t ion  analysed was a s imple square edged overp ly . This w o u ld  be 

the  easiest to  m anu fac tu re , bu t may no t give the  best results. The square edge w o u ld
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undoub ted ly  have a peel stress concen tra t ion  th a t  is obv ious ly  undes irab le . A small 

adhesive spew region w ou ld  m ost l ikely be present in any real w o r ld  e m b o d im e n t  o f  th is  

configura t ion , w h ich  w o u ld  aid in reducing the  concen tra t ion ; h o w e ve r  th is  is no t m ode l led . 

Despite not being the  best con f igu ra t ion , the use o f  th is m ode l w o u ld  a l lo w  a com par ison  

to  be made against o th e r  incorpora ted  overp ly  con figu ra t ions .

I  OVERPLIES

Adhesive

PARENT
LAMINATE

Figure 13-13: Detailed view  of the tip  region of Incorporated Overply w ith  mesh

The d is to r t ion  o f  the  square edged overp ly  m ode l can be seen in Figure 13-14. Again, a 

qua l i ta t ive  s im ila r i ty  exists to  the  d is to r t ion  o f  the  Index m ode l and to  th e  C o-bonded 

con figu ra t ion . There is also a quan t i ta t ive  s im ila r i ty  seen in the  tw o  ove rp ly  models, as the  

Incorpora ted  con f igu ra t ion  has a d is to r t ion  o f  1 .09m m  in th e  negative z  d i rec t ion  w h ich  is 

a lm ost exactly the  same as the  1.12m m  seen in the  C o-bonded con f igu ra t ion .  As a result, 

s im ila r conclusions can be deduced f ro m  the  d is to r t ion  o f  th is  m ode l.

A m easurem ent o f  the  strain was taken in the repa ir  reg ion in the  same w ay  as was 

described in Section 10.1.2.2 in the repa ir  region, dep ic ted  in Figure 10-10. The stra in  here 

was found  to  be linear, w i th  the  h ighest strain being fo u n d  in the  base o f  the  paren t 

lam inate  and the lowest at the  to p  o f  the  repair patch, as seen in Figure 13-15.

Figure 13-16 shows a com par ison p lo t o f  the strains in the  Inco rpo ra ted  Overp lies  m ode l, 

the  Index and Co-bonded m ode l. From the analysis o f  th is  f igure , it can be seen th a t  the  

strain gradients o f  the  tw o  d i f fe re n t  overp ly  concepts are a lm os t exactly  s im ilar, desp ite  the  

Co-bonded mode l having a run o f f  region 10m m  grea te r  than  th e  Inco rpo ra ted  concep t. 

This is expected due to  the  s im ilar a m o u n t o f  d is to r t ion  seen. W hen  com par ing  these to  

the  Index however, bo th  o f  the  overp ly  concepts show  a g rea te r  s tra in  range. Again th is  is 

m ost likely due to  the  increased a m o u n t o f  d is to r t ion , o r  bend ing  seen in the  ove rp ly  

concepts compared to  the  Index. This increase in bending w il l  obv ious ly  increase the  stra in
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seen in the overp ly  models w i th  increased tens ion  on the  b o t to m  face and com press ion  on 

the  upper.
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Figure 13-14: Distortion of Overply repair - Note: M easurem ents w e re  only taken of th e  z  com ponent

Due to  the  sim ilarit ies in bo th  d is to r t ion  and strain seen in the  C o-bonded  and the  

Incorporated Overplies models, s im ila r conclusions can be ga thered .

An analysis o f  the  stresses seen in the  bond line  was also carr ied ou t,  the  results o f  w h ich  

can be seen in Figure 13-17. The stresses seen in the  scarf reg ion  are re la t ive ly  unchanged 

f ro m  those seen in the  C o-bonded Overplies con f igu ra t ion  show n  in Figure 13-11, h o w e ve r  

the re  are substantia l d if fe rences seen in the  overp ly  ru n o f f  region.

Figure 13-18 shows a com par ison  p lo t o f  the stresses seen in the  bond line  o f  th e  ru n -o f f  

regions o f  the  tw o  concepts. Unlike in the  Co-bonded Overp lies co n f igu ra t ion ,  the  

Incorporated concept has no spikes a tt r ibu tab le  to  the  te rm in a t io n  regions o f  plies. The 

stresses remain cons tan t ly  low  f ro m  the te rm in a t io n  o f  th e  scarf c u t -o u t  to  th e  te rm in a t io n  

o f  the overplies. However, w hen  approaching th is region in th e  Inco rpo ra ted  concept, the  

stresses increase sharply. This is a t t r ibu tab le  to  the  a b ru p t  square edge used in th is
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concept, w h ich  are well know n  to  cause concen tra t ions  and should  be avo ided  w h e n e v e r  

possible. Analysing th is edge con f igu ra t ion  is useful h o w e v e r  to  a l low  com par isons  to  be 

made w ith  o ther, possibly b e t te r  In tegrated Overp ly  concepts.

Strain D istribu tion  o f Incorporated Overply Repair Area

0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016 0.0018

S train

Figure 13-15: Strain distribution in a repair w ith  an Incorporated  O verply

Comparison o f Strain D istributions o f Overply, Index and Bo-
Bonded Models

0.0006 0.0008 0.001 0.00120.0002 0.0004 0.0014 0.0016 0.0018

Strain

Overply Index Pre-preg

Figure 13-16: Comparison of strains in the repair region of an Incorporated O verp ly repair an Index repair and
a Co-bonded Overply repair
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Bondline Stresses o f Integrated Overply

16

14

12

10

8

6

4

2

0
2

4

^  s ^  ^  qcg<g* V ^ < r  ̂
Distance a long x axis (m m )

■ ZX Stress — X Stress Z Stress

Figure 13-17: Bondline stresses of an Incorporated Overply repair

Despite the re  being 4 stress spikes observed in th e  ove rp ly  reg ion o f  th e  C o-bonded 

concept, these are re la tive ly  small, w i th  the  zx shear stress peaking a t 6 .1M Pa and the  z 

peel peaking at 8MPa. The inco rpo ra ted  overp ly  on th e  o th e r  hand has a h igher zx  shear 

stress, increasing by 34% to  9 .3M Pa and an increase o f  41% in th e  z, o r  peel stress to  

13.6MPa. Such a concen tra t ion  o f  stresses in th is region suggests th a t  fa i lu re  w ou ld  in i t ia te  

here, e i the r  by peel o r shear.

In o rde r  to  reduce the  stresses seen in the  te rm in a t io n  reg ion o f  the  In tegra ted  overp l ies, it 

may be p ruden t to  change f ro m  the  square edge baseline to  an a l te rna t ive  ove rp ly  t ip  

configura t ion .

13.1.3 Incorporated Overplies with Tapered Edge

An a lte rna t ive  geom e try  fo r  th e  t ip  o f  the Incorpo ra ted  Overp lies  w o u ld  be to  ta p e r  th e  

plies o f  th is region. Using a 3° taper, s im ilar to  th a t  used in the  scarf region, th e  t ips o f  the  

upper 3 plies w ere  m od if ied . This essentia lly tape red  the  uppe r  +45° and the  tw o  cen tra l  - 

45° overplies. The low e r  +45° ply o f  the overplies kep t its square edge to  accoun t fo r  ply 

t r im m ing .  The resu ltan t g e o m e try  can be seen in Figure 13-19.
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Stresses in Incorporated and Co-Bonded O verply 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

W hen analysing the  strains seen in the  repa ir  region o f  th e  Tapered Edge Overp ly , it can be 

seen th a t  it is exactly the  same as th a t  o f  the  baseline Square Edge. In fact, it could be said 

th a t  the  on ly effec t th is  va r ia t ion  has is on the  stresses seen at th e  t ip  o f  the  overplies.

i I j» j iiij i f ...1 I ' I_| I
Parent Laminate

Tapered Overplies

Figure 13-19: D etailed view  of th e  tapering of th e  Overply w ith  mesh 

The bond line  stresses o f  th is co n f igu ra t ion  can be seen in Figure 13-21. Qua l i ta t ive ly , th e y  

appear s im ilar to  w h a t  was seen in the  Square Edge; h o w e ve r  th e  q u a n t i ta t iv e  values are 

reduced. This is undo u b te d ly  due to  the  m ore  gradual load t ra n s fe r  seen in the  ru n o f f  

reg ion associated w i th  the  taper ing . The z, o r peel stress, is stil l the  m ost in tense
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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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Tensile x strain

Figure 13-20: Strain d istribution in a repa ir w ith  an Incorpora ted  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 o f a Tapered Overply
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Figure 13-21: Bondline stresses of an Incorporated Tapered Overply

The Overspew was 1.2m m  deep  in th e  z  d irec t ion  at the  t ip  o f  the  ove rp ly  region and 

reduced to  Omm. The tape r  g iven to  the  adhesive was 3° and as a resu lt  had a length  o f  

22 .16m m  in the  x  d irec t ion .

Overplies A d h e s i v e  S p e w

Laminate

i P P

Figure 13-22: D etailed v iew  of the  adhesive spew used in the  O verspew  concept w ith  mesh

The resu ltant e f fec t o f  the  O verspew  on the  strain seen in the  repa ir  reg ion is m in im a l as 

shown in Figure 13-23. H ow eve r as in th e  Tapered Overp ly  con f igu ra t ion , th e  effec ts  o f  th e  

Overspew can be seen in the  stresses o f  the  bond line  at th e  te rm in a t io n  o f  th e  overplies. It 

w ou ld  appear th a t  the  reduc t ion  in the  z  stress is a p p rox im a te ly  80% and the  reduc t ion  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

0.0004 0.0006 0.0008 0.001 0.00120.0002 0.0014 0.0016 0.0018

Strain

Figure 13-23: Strain distribution in a repair with an Incorporated Overply and Overspew
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Bondline Stresses o f an Incorporated O verply w ith  Overspew

ZX Stress ■■■ -  X Stress —  Z Stress

D istance a long th e  x axis (m m )

Figure 13-24: Bondline stresses of an Incorporated Overply w ith  Overspew  

The next logical step w ou ld  be to  apply a s im ilar Overspew  g e o m e try  to  a Tapered O verp ly  

to  see if any po ten t ia l  benefi ts  p resen t themselves.

13.1.5 Tapered Edge with Overspew

This con f igu ra t ion  was proposed in 13.1.4 as a na tu ra l  co n t in u a t io n  o f  the  O verp ly  

varia t ion . It comprises o f  the  basic Tapered geom e try  w i th  the  app l ica t ion  o f  an Overspew  

at the  te rm in a t io n  o f  the  Overp ly . Figure 13-25 show s a schem atic  o f  the  Tapered 

Overspew region along w ith  the  f in i te  e le m e n t mesh used in the  m ode l.

The tensile  x  s tra in results ga the red  f ro m  this m ode l shows th a t  the  app l ica t ion  o f  an 

Overspew to  the  Tapered Overp ly  has no e ffect. This was expected , as the  prev ious 

i te ra t ions  o f  the  Overp ly  concep t had no im pact on the  stra in  m easured  in the  repa ir  

region.

Despite having no d iscernib le im pac t on the  strain, th e  a dd i t ion  o f  an O verspew  to  the  

Tapered Overp ly ge o m e try  did have a substant ia l e f fec t on the  stresses. Despite having 

qua l i ta t ive  and quan t i ta t ive  s im ila r i t ies  in the  repa ir  region, the  stresses m easured at th e  

te rm in a t io n  o f  the Overp ly  are subs tan t ia l ly  reduced f ro m  th e  square edge baseline. 

Indeed, the  stresses are even reduced f ro m  the  levels seen in th e  O verspew  con f igu ra t ion . 

It should also be no ted  th a t  th e  ex tre m e ly  advantageous fea tu re  o f  using th is  con f igu ra t ion
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is th a t  the  m ax im um  stresses are no longer in the  te rm in a t io n  o f  th e  overp l ies, bu t in the 

scarf region, reducing the chances o f  fa i lu re  in it ia t ing  in the  ove rp ly  t ip .

Figure 13-25: Detailed v iew  of th e  adhesive O verspew used in th e  Tapered O verplies m odel w ith  FE mesh
used

From the investigation in to  overplies, it w ou ld  appear th a t  th is  con f ig u ra t io n  is by fa r  the  

m os t e ffective, m ost l ikely due to  the  co m b ina t ion  o f  th e  Tapered O verp ly  g e o m e try  and 

th e  con tro l led  Overspew.

Strain in a Tapered Overply with Overspew
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Figure 13-26: Strain d istribution in a repair w ith  an Incorporated Tapered O verp ly w ith  O verspew
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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 w ith  O verspew

13.1.6 Pre-cured Overplies

A natura l advancem ent o f  the  Co-bonded overp l ies is to  app ly  a Pre-cured overp ly  to  the  

repair. This can be seen as a com prom ise  be tw een  the  Co-bonded  and the  Incorpo ra ted  

Overply concepts.

W h ile  this concept should be g iven cons idera tion , the  stra in  and stress results observed w il l  

undoub ted ly  be s im ilar to  those  found  in previous O verp ly  m odels . It can be safely 

assumed th a t  the  on ly  va r ia t ion  seen w il l  be in the  te rm in a t io n  o f  th e  bond line  and th a t  the  

spikes seen here w il l  be qua l i ta t ive ly  and quan t i ta t ive ly  s im ila r  to  those  p rev ious ly  seen. As 

a result, the  m ode ll ing  o f  th is  concep t w il l  no t p resent any new  data and may n o t  be 

required.

Despite this, it should be no ted  th a t  the  concept does have several practica l advantages 

over the Incorpora ted and Co-bonded  Overplies. It is l ikely th a t  th is  concep t w il l  be easier 

to  m anufac tu re  than  an Inco rpo ra ted  con f igu ra t ion , due to  th e  re la t ive ly  reduced 

com plex ity  o f  the  g e o m e try  to  be m ach ined. App ly ing  a Pre-cured Overp ly  w il l  also a l low  

the  in tegr i ty  o f  the  Overplies to  be ascerta ined via NDT p r io r  to  bond ing . App ly ing  a ta p e r  

and an overspew  to  th is O verp ly  con f igu ra t ion  w il l  also u n d o u b te d ly  im prove  the  

perfo rm ance. The t ip  o f  th is o ve rp ly  concep t should h o w e v e r  have a tape red  edge w i th  an 

overspew  to  have the  best possible perfo rm ance .
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13.2 Multi-Angle Scarf

The M u lt i -A ng le  concep t was one th a t  was envis ioned to  reduce the  a m o u n t  o f  m ater ia l 

rem oved  to  fac i l i ta te  a repair. The basis o f  the  concep t was th a t  on ly  the  0° plies carr ied 

any signif icant load and as such on ly  these plies requ ired  a small scarf angle, the  rem a in ing  

o r ien ta t ions  could be set far higher.

In the instance analysed here, the  orig ina l Index m ode l was m o d i f ie d  so th a t  the  0° plies 

w ere  given a 3° scarf angle, the  ±45° plies w ere  g iven 15° scarf angles and the  90° plies 

w ere  given a 45° scarf angle, as show n  in Figure 13-17. Using th is  va r iab le  scarf angle 

con f igu ra t ion  s ignif icantly reduced the  scarf region to  a p p ro x im a te ly  ha lf  o f  th a t  w hen  

using a conven tiona l cons tan t 3° angle.

A d h e s iv e

z

x

Figure 13-28: Schematic of M u lti-A n g le  Scarf m odel

m Repair 
m Patch

Adhesive

Parent Laminate

m m m km

Figure 13-29: Detailed v iew  of M u lti-A n g le  m odel along w ith  scarf angles used and mesh in th e  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 

reoair 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 th e  tensile x  strain seen in the bondline and repair regions of th e  M u lti-A ngle
concept
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Multi Angle Repair Strain
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Figure 13-32: Strain in the repair region o f a M u lti-A n g le  concept
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Figure 13-33: Comparison o f strains in th e  repair region o f M u lti-A n g le  and Index m odels
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  ■ ZX Stress ——  X Stress Z Stress

Multi-Angle Upper Bondline Stresses

45 50 55

Distance a long x axis (m m )

Figure 13-34: Upper bondline stresses of M u lti-A n g le  concept

 ZX Stress — — X Stress " " Z Stress

Multi-Angle Mid Bondline Stresses

45 50 55

D istance along x axis (m m )

Figure 13-35: M id  bondline stresses of M u lti-A n g le  concept
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Multi-Angle Lower Bondline Stresses
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Figure 13-36: Lower bondline stresses of M u lti-A n g le  concept

From the  init ia l concep t analysis carr ied o u t  in th is w ork , it may be possible to  apply th is  to  

a repair. The scarf angle used fo r  the  90° plies w il l  h o w e v e r  have to  be reduced f ro m  the  

45° used in th is w o rk  to  l im it  the  large spikes experienced at the  te rm in a t io n  o f  these plies. 

This w il l  reduce the  spikes seen in th is  region and give a less var iab le  stress prof i le , w h ich  

cou ld  reduce the  presence o f  concen tra t ions  found  in th e  bond line .

If th is  repa ir  concept was to  be adop ted  how ever, p rob lem s  th a t  w il l  be unavo idab le  o r  

d i f f icu l t  to  avoid w il l  p resent them se lves. One exam ple  o f  such a p ro b le m  is the  m ach in ing  

o f  the  repa ir  region. This concep t is highly re l iant on e x tre m e ly  accura te  m e a su re m e n t and 

m ach in ing . If the  to le rance  o f  th e  com b ined  m e tro lo g y  and m ach in ing  systems are n o t  

adequa te , then  the re  is a fa ir ly  good  chance th a t  th e  va r ious  scarf angles w il l  be appl ied to  

the  w ro n g  ply o r ien ta t ion .  This w il l  have a p ro found  im pac t on th e  e ffec t iveness o f  the  

repa ir  as the  load w il l  no t be trans fe r red  as e ffec t ive ly . There is also the  poss ib i l i ty  o f  ply 

wav ing , as seen in Figure 3-17, w i th in  the  lam inate  w h ich  w il l  com p l ica te  th e  m ach in ing  

even m ore . This may prove to  be m ore  de tr im e n ta l  to  th is  concep t than  to  the  Index 

con f igu ra t ion .
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Figure 13-37: Fringe plot of th e  z x  shear stresses seen in th e  bondline region of th e  M u lti-A ngle  concept
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Figure 13-38: Fringe plot of th e  tensile x  stresses seen in the bondline region of th e4  M u lti-A n g le  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 th e  M u lti-A n g le  concept

13.3 S-Bend Scarf

The S-Bend concep t is one th a t  is ex tre m e ly  s im ila r to  the  M u l t i -A n g le  concep t described in 

13.2. It is a concep t th a t  g radually  varies the  scarf angle a long th e  length  o f  the  bond line , 

ir respect ive  o f  the  plies o r ien ta t ion .  This could po ten t ia l ly  give th e  ben e f i t  o f  reduc ing  the  

m a te r ia l  rem oved , as in the  M u lt i -A ng le  concept, bu t w ou ld  be fa r  easier to  machine.

The m ode l analysed in th is w o rk  has th e  scarf angle varying f r o m  3° to  31° ove r  the  space o f  

8 plies. This was then  m ir ro red  to  reduce the  angle back f r o m  31° in the  cen tra l  reg ion  o f  

th e  scarf to  3° at the  te rm in a t io n .  The scarf angles used fo r  each ply can be seen in Table 

13-1:

A dh esive

= S S ‘ ': -____

Figure 13-40: Schematic o f S-Bend scarf m odel w ith  scarf angle varying in re lation to  x  location
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Table 13-1: Scarf angle used in S-Bend geom etry

1 3

2 7

3 11

4 15

5 19

6 23

7 27

8 31

Reverse fo r  rem ain ing  8 plies

The result ing geom e try  gave a curved scarf region, w h ich  is show n  in Figure 13-41:

R e p a i r

P a t c h

P a r e n t

L a m i n a t e

rnmmmm

Adhesive
Bondline

Figure 13-41: Detailed view  of the  bondline region of the S-Bend concept FE m odel w ith  mesh 

As a result o f  adop t ing  th is geom e try ,  the  length o f  the scarf reg ion  has been reduced f ro m  

114m m  in the  Index to  62m m  in the  S-Bend. This is a substan t ia l  red u c t io n  o f  46% in th e  

length o f  the  scarf region w hen  com pared  to  the  Index. This presents  the  bene f i t  o f  

reducing the  am o u n t o f  po ten t ia l ly  hea lthy  materia l rem oved  du r in g  a repair.

248.



Novel Concepts

Despite the  substantia l reduc t ion  in scarf region length, th e  real m easure  o f  w h e th e r  th is 

concept is a successful one is if th e  stresses in the  bond line  are e q u iva len t  to  those  seen in 

the  Index.

Analysing the d is to r t ion  o f  the  S-Bend concept shows tha t ,  q ua l i ta t ive ly  th is  repa ir  concep t 

behaves in a s im ilar fashion to  the  Index, as shown in Figure 13-42. The m a x im u m  

d is to r t ion  seen in the  S-Bend concep t is how ever  reduced by 62%. This reduc t ion  in 

d is to r t ion  may be due to  the  increased a m o u n t o f  hea lthy  pa ren t m a te r ia l  sti l l  in the  repa ir  

region, the reby  a l low ing  a g rea te r  overa l l  sti ffness to  be re ta ined .

An analysis o f  the  strain seen in the  repair, show n in Figure 13-43 shows th a t  th e re  is 

v ir tua l ly  no d i f fe rence in the  stra ins seen in the  repair reg ion o f  th e  S-Bend concep t and 

those seen in the  Index. Indeed p lo t t in g  bo th  on the  same graph, as in Figure 13-44, shows 

no quan t i ta t ive  or qua l i ta t ive  d i f fe rence . This suggests th a t  th e  ab i l i ty  o f  the  S-Bend 

concept to  trans fe r  load f ro m  the  pa ren t lam inate  in to  th e  repa ir  is com pa ra t ive  to  th a t  o f  

the  Index.

MSC.Pai ran 2005 06-Sep-12 10:46:12
Fringe: Load Case 1.Sialic Subcase, Displacements. Translational, Z Component. (NON-LAYERED) 

Deform: Load Case 1. Static Subcase, Displacements, Translational, . (NON-LAYERED)
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Figure 13-42: D istortion of the S-Bend concept in th e  z  axis

A fr inge p lo t o f  the  tensile  x  s tra in  was also analysed. This can be seen in Figure 13-45. 

Clearly, the  on ly va r ia t ion  in s tra in  can be seen in the  bond line  w i th  concen tra t ions  be ing
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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 of stress 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

0.0014 0.00150.0012 0.0013 0.00135 0.001450.00125

Strain

S-Bend —— Index

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
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51.4MPa in the S-Bend concept. This increase o f  a p p ro x im a te ly  660% is seen in the  cen tre  

o f  the  scarf region. This loca tion  has th e  u n fo r tu n a te  c o m b in a t io n  o f  a high scarf angle o f  

31° and the  ply te rm in a t io n  o f  h igh ly  loaded 0° plies. This reg ion is h igh ligh ted  in Figure 

13-48 w ith  the 0° ply being rep resen ted  as a as a green lam ina. The fr inge  p lo t  o f  the  

tensile  x  stresses can also be seen in Figure 13-50 and show s the  stress being concen tra ted  

in the  te rm in a t io n  regions o f  the  0° plies.

MSC.Patran 2005 06-Sep-12 10:53:57
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Figure 13-45: Fringe plot of th e  tensile x  strains seen in the bondline and repair regions of th e  S-Bend concept 

It should be noted th a t  the m a x im u m  lap shear a l low ab le  fo r  th e  adhesive used in th is 

m ode l is app rox im a te ly  s im ilar to  th a t  seen in th is bond line  region. W i th  th e  peak x  stress 

in the  bond line  being at a com parab le  level, it w ou ld  suggest th a t  th is  con f igu ra t ion  w il l  fail 

w i th  very  early w ith  l i t t le  tensile  load being applied. This is an e x tre m e ly  good exam ple  o f  

th e  im portance  and sensit iv ity  th a t  the  scarf angle used has on a repair, especially  w h e n  

coupled w ith  highly loaded 0° plies.

The peel o r  z stresses seen in th e  S-bend concep t are fa ir ly  d i f fe re n t  to  those  seen in the  

Index. Despite having l i t t le  to  no peel stresses in th e  unders ide  o f  th e  patch, as in the  

Index, the  z  stresses seen in the  scarf region are increased, a lbe it  in the  negative d i rec t ion  

due to  the  d o w n w a rd  d irec t ion  o f  the  d is to r t ion . It w o u ld  appear th a t  by gradua lly
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increasing the  scarf angle, the  z stress also increases. Spikes can also be seen in the  

te rm ina t ion  regions o f  0° plies.

Upper Bondline Stresses of S-Bend Repair
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Figure 13-46: Upper bondline stresses o f S-Bend concept

Lower Bondline Stresses of S-Bend Repair
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Figure 13-47: Lower bondline stresses o f S-Bend concept

From this investigation, it can be seen tha t ,  despite grea t ly  reduc ing  th e  leng th  o f  the  scarf 

region and reducing the  m ate r ia l rem oved  fo r  the  repair, using th is  con f ig u ra t io n  in its
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cu rren t  fo rm a t  is no t advisable. The increased x  stresses seen in the  centra l region are 

excessively high, approaching, if no t exceeding the  a l low ab le  stress fo r  the  adhesive. This 

w il l  u n d oub ted ly  lead to  p rem atu re  fa i lure. This co n f igu ra t ion  may be m o re  successful if 

low e r  scarf angles w ere  used, how ever the  am o u n t o f  m a te r ia l  rem oved  w il l  increase.

Region of reduced 
bondline elements

Figure 13-48: Region of reduced bondline elem ents in th e  S-Bend concept
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Figure 13-49: Fringe plot of the  z x  shear stress seen in th e  bondline region of the  S-Bend concept
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Figure 13-50: Fringe plot of the tensile x  stresses seen in th e  bondline region of th e  S-Bend concept
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Figure 13-51: Fringe plot of the peel z  stresses seen in the bondline region of th e  S-Bend concept

255.



Novel Concepts

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 advancem ent f ro m  the  2D coupon geom etr ies  analysed in p rev ious chapters  is 

the  analysis o f  fu ll 3D plates w ith  c ircu lar scarf patches. These geom e tr ies  w il l  m ore  

accurate ly  represent a real repair, in a damaged lam ina te . This w il l  g rea t ly  im p rove  the  

unders tand ing  o f these repairs and a l low  a m ore  re f ined v ie w  o f  th e  load bypassing the  

repa ir  in the  parent s truc tu re

The models were  construc ted  in a s im ilar fashion to  the  prev ious  coupon  based models; 

how ever  certain geom etr ica l m od if ica t ions  w ere  requ ired  due to  the  cross sectional 

var ia t ion . The dep th  o f  the  paren t plate was reduced to  4 m m  th ick  and th e  patch to  2 m m  

th ick, bu t the  layup o f  bo th  rem ained quasi- isotrop ic  and th e  t ip  o f  th e  repa ir  patch was 

t r im m e d .  The loading levels applied also changed, so th a t  th e  basic m ode l w o u ld  be 

subjected to  25kN, o r 41.6MPa in the  x  d irec t ion. The load ing  and bou n d a ry  cond it ions  can 

be seen in Figure 14-1:

x = 0, Ry = 0, Rz -  0
Parent

25kN

m

Repair

Rx = 0, Ry = 0, Rz = 0 y = 0, Rx = 0, Rz = 0

(L o w e r  edge  on ly )

Figure 14-1: Boundary conditions of the 3D lam in ate  m odels 

This was due to  the  g rea te r  cross sectional area th a t  th e  m ode ls  had. The cons tra in ts  

app lied to  th is mode l w ere  the  same as those used in the  part ia l  d e p th  s tudy.

The use o f  Photo Elastic Analysis on equ iva len t mechanical te s t  spec im en was carr ied o u t  in 

[2] and w ou ld  a l low  some va l ida t ion  o f  the  s im u la t ions carr ied o u t  in th is  w o rk .
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14.1 Unrepaired Laminate

The firs t 3D mode l created was th a t  o f  a scarfed, bu t un repa ired  p la te . This was bu i l t  in 

o rde r  to  create a baseline com par ison  to  a repaired p late. Figure 14-2 show s the  resu l tan t 

de fo rm a t io n  in the  panel w hen  loaded up to  25kN. The d isp lacem en t has been scaled by 

0.1 in o rd e r  to  a l low  an easier analysis to  take place.

Deform: Load Case 1, Static Subcase. Displacements. Translational,, (NON-LAYERED)

default_Deformation
Max 1 90+00 (3>Nd 11570

Figure 14-2: Resultant de form ation  of an unrepaired 3D panel -  un -d efo rm ed  geom etry  is shown w ith  a red  
line and th e  deform ed geom etry, which has been scaled by 0 .1 , can be seen in b lu e /g reen

It can be clearly seen in Figure 14-2 th a t  the  centra l scarf reg ion d is to r ts  the  m os t w hen  

loaded. This is expected, due to  the  presence o f  the  scarf cu t o u t  in th is  region, as is the  

d i rec t ion  o f  the  d is to r t ion  in the  z axis, seen in Figure 14-3.

This was also seen in the  d is to r t io n  o f  unrepa ired  part ia l  d e p th  coupons. The m a x im u m  

d is to r t io n  seen in the  mode l is 1 .9m m , seen in the  cen tre  o f  the  scarf region. W hen  

com par ing  th is d is to r t ion  to  th a t  measured by Digital Image C orre la t ion  (DIC) in the  

mechanica l tes t ing  [2], a very  s im ila r result can be seen. H o w e ve r  th is  d is to r t io n  comes at a 

s ign if icantly  h igher load than  w h a t  is applied to  the  m ode l.  This d iscrepancy is m ost l ikely 

due to  the  fact th a t  the  g e o m e try  o f  the  mode l is no t an exact replica o f  th e  mechanica l 

tes t  specimens, as using the  m e th o d o lo g y  adop ted  in th is  w o rk  w o u ld  create  mode ls  th a t  

w e re  to o  large to  solve using the  co m p u t in g  e q u ipm e n t available.

Analysing the  tensile  x  s train in th e  patch, shown in Figure 14-4, gives an average stra in  o f

7.51 x  1 0 -4  in the  paren t p late. The tensile x  s tra in in the  scarf region has a h igher stra in 

o f  1.01 x  1 0 - 3 . This increase in strain is expected due to  the  re duc t ion  o f  th ro u g h  

th ickness seen in the  scarf area.
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MSC.Pairan 2005 13- Ju l-12 09 33:56
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Figure 14-3: Distortion of an unrepaired lam inate in th e  z direction

This was also seen in the  d is to r t ion  o f  unrepaired part ia l de p th  coupons. The m a x im u m  

d is to r t ion  seen in the  m ode l is 1.9mm, seen in the  cen tre  o f  the  scarf region. W hen  

com par ing  this d is to r t ion  to  th a t  measured by Digital Image C orre la t ion  (DIC) in the  

mechanical tes t ing  [2], a very  s im ilar result can be seen. H o w e ve r  th is  d is to r t io n  comes at a 

s ignif icantly h igher load than  w h a t  is applied to  the m ode l. This d iscrepancy is m os t l ikely 

due to  the fact th a t  the ge o m e try  o f  the m ode l is no t an exact replica o f  th e  mechanica l 

tes t specimens, as using the  m e thodo logy  adop ted  in th is  w o rk  w o u ld  create  m ode ls  th a t  

w e re  to o  large to  solve using the  com pu t ing  e q u ipm e n t available.

Analysing the tensi le  x  s train in the  patch, shown in Figure 14-4, gives an average stra in  o f

7.51 x  1 0 -4  in th e  parent plate. The tensile x  s tra in in the  scarf reg ion has a h igher stra in 

o f  1.01 x  1 0 - 3 . This increase in strain is expected due to  th e  red u c t io n  o f  th ro u g h  

th ickness seen in the  scarf area.

By creating a new  g roup  w h ich  focuses on ly on e lem ents  in and a round  th e  scarf region, 

w i th  edge e lem ents  rem oved, it was possible to  gain a b e t te r  unde rs tand ing  o f  the  

d is tr ibu t ion  o f  the  x  strains in th is region. Figure 14-5 shows an iso trop ic  v ie w  o f  the  new  

g roup. The con tou rs  in th is  region do change cons iderab ly  in some regions, bu t these 

var ia t ions are exp la ined by the  trans it ion  o f  plies and th e i r  associated kn ife  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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Figure 14-4: Tensile x  strain of an unrepaired 3D panel
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Figure 14-5: Isotropic v iew  of th e  tensile x  strain in the scarf region w ith  edge elem ents rem oved
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Figure 14-6: Tensile x  stress of an unrepaired plate
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Figure 14-7: Isotropic v iew  of th e  tensile x  stresses in the  scarf region w ith  no edge elem ents
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Figure 14-8: Top down view of the xy  strain
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Figure 14-9: Isotropic view of the xy  strain with edge elements removed
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Figure 14-10: Top down view of the xy  stress
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Figure 14-11: Isotropic view of the xy  shear stress contours with edge elements removed
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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 

w ith 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 w ith 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 Element Model of the Repaired Laminate
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Dctonr. l o n e  Case 1. Static Subcase, Displacements Translational,, (NON- LAYERED)

defaultjoeformation: 
Max 1.40-01 @Nd 16691

Figure 14-13: Displacement of a repaired plate

Figure 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 term ination 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
Fringe: Load Case 1,Static Subcase, Strain Tensor. , X Component, (NON-LAYERED)

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 
M in -3.79-05 @Elm 53926.7

Figure 14-16: Isotropic view of the tensile x  strain in the scarf region of the repair with edge elements
removed
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MSC.Patran 2005 IS-Aug-12 10:48.39
Fringe Load Case 1, Static Subcase. Stress Tensor,. X Component, (NON-LAYERED)
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Figure 14-17: Tensile x  stress of a repaired 3D panel
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Figure 14-18: Isotropic view of the tensile x stress in the scarf region of the repair with edge elements
I removed
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Figure 14-19: Tensile x strain in the bondline
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Figure 14-20: Tensile x stress in the bondline
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MSC.Patran 2005 13-Aug-12 11:40:20 
Fringe Load Case 1. Static Subcase, Strain Tensor., XY Component, (NON-LAYERED)
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Figure 14-21: xy  shear strain of a repaired 3D panel
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Figure 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 
Fringe Load Case 1. Static Subcase. Stress Tensor.. XY Component. (N ON-LAYERED)

-.s'\<4̂ k- :i

>7.95+01

6.62+01 

5.65+01 

4.67+01 

3.70+01 

2.73+01 

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
de£ault_Fringe :

Max 6,62+01 @Elm 45761.1 
M in -7.95+01 @Elm 47105.7

Figure 14-23: xy  shear stress of a repaired 3D panel
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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
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Figure 14-25: xy  shear strain in the bondline
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Figure 14-26: xy  shear stress in the bondline
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Figure 14-27: zx shear strain in the bondline
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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
elem ents

Figure 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, w ith 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 w ith 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 o f a 3D Repaired Laminate
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Figure 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 o f 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 fo r future work.
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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 o f bi-axial, shear loading and the application of tw ist 

to the parent laminate. The models in this section all had the ir 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 im portant 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 .D eform ation :
Max 1.20-01 O N d 10831

Figure 14-34: Resultant distortion of a bi-axially loaded repair

The x y  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
Fringe: Load Case 1. Static Subcase, Displacements, Translational. Magnitude, (NON-LAYERED) 
Deform: Load Case 1, Static Subcase, Displacements. Translational. , (NON-LAYERED)
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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 o f the model is similar to 

that of the repair and parent laminate, w ith very little variation seen in both the x y  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 o f 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 o f the repair concept considerably.
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Figure 14-36: Tensile x  strain of bi-axially loaded repaired laminate
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Figure 14-37: Isotropic view of the tensile x strain in a bi-axially loaded repaired laminate
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Patran 2008r2 (MD Enabled) 20-Jun-13 10:36:54 

Fringe: Load Case 1

default_Fringe:
Max 2.23+02 @Elm 23885.3 
M in -2.19+01 @Elm 652435.2

Figure 14-38: Tensile x stress of a bi-axially loaded repaired laminate
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Figure 14-39: Isotropic view of the tensile x stress in a bi-axially loaded repaired laminate
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Patran 2008r2 (MD Enabled) 20-Jun-13 10:38:50 
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Figure 14-40: xy  shear strain of a bi-axially loaded repaired laminate
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Figure 14-41: Isotropic view of the xy  shear strain in a bi-axially loaded repaired laminate

284.



3D Laminate Models

Patran 2008r2 (MD Enabled) 20-Jun-13 10:40:36 
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Figure 14-42: xy  shear stress of a bi-axially loaded repaired laminate
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Figure 14-43: 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)

Figure 14-44: xy  shear strain of the bondline in a bi-axially loaded repaired laminate
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Figure 14-45: xy  shear stress of the bondline in a bi-axially loaded repaired laminate
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Figure 14-46: 7.x shear strain of the bondline in a bi-axially loaded repaired laminate
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Figure 14-47: 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 inform ation. 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

Figure 14-48: 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 x y  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, w ith little  or 

no load bypass being visible. The fact that there is an increased amount o f strain present at 

the edge of the repair patch is expected and can be attributed to the trimmed, squared 

edge of the repair patch.
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MSC.Patran 2005 2 3 -N o v -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 4 g4_01
Fringe: Load Case 1 .StaticSubcase, Displacements. Translational, Magnitude, (NON-LAYERED)

Deform: Load Case 1, Static Subcase. Displacements, Translational, (NON-LAYERED) 4.61-01

f l

3.95-01

3.62-01 

3 29-01

2.96-01

2.63-01 

2.30-01

1.98-01 

1 65-01

1.32-01 

9.88-021 

6.59-02

3.29-0:

0 , _
default_Fringe:

Max 4 94-01 @Nd 15783 
M in 0. @Nd 10831 
default_Deformation 

Max 4.94-01 @Nd 15783

Figure 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

Fringe: Load Case 1, Static Subcase, Strain Tensor,, XY Component, (N ON-LAYERED)
2.69-031
2.46-03 —

2.23-03 — 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

-1.01-04I
-3.34-04

-5,67-04 ■
-7.99-04

defau!t_Fringe:
Max 2.69-03 @E!m 545453.1 
M in -7.99-04 @Elm 548573.1

Figure 14-51: xy  shear strain fringe plot of a shear loaded repair

MSC.Patran 2005 21 -Sep-12 09:06:02
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Figure 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
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Figure 14-53: x y  shear strain fringe plot of the bondline under shear loading
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Figure 14-54: xy  shear stress fringe plot of the bondline under shear loading
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Figure 14-55: zx shear strain fringe plot of the bondline under shear loading

Figure 14-56: zx shear stress fringe plot of the bondline under shear loading

293.

1, Static Subcase, Strain Tensor, ,, (NON-LAYERED)
MSC.Patran 2005 21-Sep-12 09:57:33 
Fringe: Load Case

7 94 I

3.33-03

2.73-03 

2.12-03 

1 52-03 

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 @Elm 101461 1 
M in - 5.13-03 @Elm 83732.1

67+00

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

2.33+00

-3.67+00

-4.34+00

-5.00+00

-5.67+00|__
default_Fringe:

Max 4.35+00 @Elm 101461.1 
Min -5.67+00 @Elm 83732 1

MSC.Patran 2005 21-Sep-12 09:59:04 
Fringe. Load Case 1. Static Subcase, Stress Tensor, . ZX Component, (NON-LAYERED)



3D Laminate Models

14.3.3 Twist Loading

An alternative loading configuration applied to the 3D repaired laminate models is that o f a 

'tw ist' load. This is by no means an unusual loading type as the wings of aircraft tw ist 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 

a twist.

X

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 o f 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 o f 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, Rx = 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 o f 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 w ithin 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 sim ilarity 

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 term ination o f 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-O h -12 12:59:46

Deform: Load Case 1, Static Subcase, Displacements, Translational,. (N O N -L A Y E R E D )

Y

Figure 14-59: Resultant distortion of a twist loaded repair
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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 2 g7_03
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Figure 14-61: x strain of a twist loaded repaired plate
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Figure 14-62: x stress of a twist loaded repaired plate
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Static Subcase, Strain Tensor, ,X  Component. (NON-LAYERED)
MSC.Patran 2005 23-Oct-12 13:24:42 
Fringe: Load Case 1
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Figure 14-63: x  strain of the bondline in a twist loaded repair
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Figure 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
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Figure 14-65: zx strain of the bondline in a twist loaded repair
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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 o f these components 

was conducted. The x y  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 x y  direction. A similar conclusion can be gathered from the 

x y  shear stress.

MSC.Patran 2005 23- Oct-12 13:12:52
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Figure 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 tw ist 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 tw ist loading w ill likely be different.
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MSC.Patran 2005 23- Oct-12 13:15:59
Fringe: Load Case 1, Static Subcase, Stress Tensor,, XY Component, (NON-L AYERED)
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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

y = 0, Rz = 0Rx = 0, Ry = 0, Rz = 0

Figure 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 tw o 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 d ifferent 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, w ith little to no 

variation and is shown in Figure 14-72 and Figure 14-73. Analysis o f 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 - O c t - 12 09:17:56

Deform ' Load Case 1, Static Subcase. Displacements, Translational,. (N O N -L A Y E R E D )

default_Deformation: 
Max 9.43+00 @Nd 17112

Figure 14-70: Resultant displacement of a positive pressure load on the repair
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Figure 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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Figure 14-74: zx shear strain in the bondline of a positive pressure loaded repair

MSC.Patran 2005 23-Nov-12 10:30:01
Fringe: Load Case 1, Static Subcase, Stress Tensor,. ZX Component, (NON-LAYERED)

-2.97+011__
default_Fringe:

M ax 8.49+00 @Elm 101291.6 
M in -2.97+01 @Elm 51301.3

Figure 14-75: zx shear stress in the bondline of a positive pressure loaded repair

305.



3D Laminate Models

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.. (N O N-LAYERED)

default_Deformaiion: 
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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 o f 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 o f laminate and increased the 

stresses in the damage region.

306.



3D Laminate Models

MSC.Patran 2005 15-Oct-12 08:48:16
Fringe Load Case 1. Static Subcase. Displacements. Translational Z Component, (NON-LAYERED) 
Deform: Load Case 1. Static Subcase, Displacements. Translational. (NON-LAYERED)

9.43+0CH 

8.80+00 

8.17+00 

7.54+00

6.29+00

5.66+00

4.40+00

3.77+00

3.14+00

2.51+00

1.89+00

1.26+00

0.__
default_Fringe:

Max 9.43+00 @Nd 17112 
Min 0. @Nd 10831 
default_Deformation 

Max 9.50+00 rolNd 17112

Figure 14-77: Fringe plot of the displacement of the repair in the z direction
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Figure 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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Figure 14-80: zx shear strain in the bondline of a positive twist loaded repair
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Figure 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.

309.



3D Laminate Models

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 W ork

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. [l]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:

• 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].

• Category 2: The structure can sustain Limit Load (LL) w ithout 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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• 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:

c2 -  Ga

c4 =  Ga tan a

1
Cc =  - ta n a  
5 2

cos a , N
c8 =  ——  ( f i iW  +  B2(x )+D2(x)F1(x j )

cos a , .
c9 =  ——  ( -£ > iO ) +  D2(x ) )
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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 0. 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 ID  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 ID  bar system, shown in Figure 16-1, 

the Ordinary Differential Equation, ODE, can be written as:

d ( du\
— —  [EA —  ) - /  =  0 ; 0 < X < L  Equation 16-1

dx \  dxJ

where E and A are Young's Modulus and cross sectional area of the bar respectively, /  is 

the distributed force and u\s the displacement [94].

(b)

f(x)

- >  P

u = 0

Figure 16-1: (a) Physical and (b) Mathematical (idealisation) models [94]

For the ID bar being analysed here, which occupies the domain [0, L] along the real axis x, 

the boundary conditions can be described as:

k d u \lu(0)=0
EA ) I = P  Equation 16-2

dx)1x=L

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].

•xBf x“ d (  du\0= JXA v - T x { E A d ^ ) - f
dx Equation 16-3

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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Xa

A  x ^ X = X - Xa

X = 0 X = he

Pi I-1

(b) x>
1 f(x)

r - O  >
2

Figure 16-2: Discretisation into elements [94]

Integrating Equation 16-3 by parts again gives:

Equation 16-4

At this point boundary conditions should be applied. It can be seen that specifying: v(x ) at

xA and xB is an essential boundary condition and that the E A 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 =  EAsx =  Aax. From this, a governing equation can be found by

allowing:

u(xA) =  u\

u(xB) =  u f

Equation 16-5

which will give:
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CXb ( dv du \
0 = 1  yEA —  —  — v f j d x  — P£v(xA) -  P lv{xB)

XA

Equation 16-6

where

0 =  B(y,u) — l (v)

[ Xb dv du 
B(u,v)  =  EA— —~dx  

Jx dx dx

l(v ) =  vfdx  +  Pi v{xA) +  P Iv (xB)

Equation 16-7

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 -  y and y, denoted by Nf^x) and af represents the 

nodes displacements. This then gives:

it

ue(x) =  ^  a] N f(x ) Equation 16-8 
; ' = i

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 f (x )  which, when substituted into the governing equation and satisfactory interpolation 

functions have been used; can be written in matrix form as:

[Ke]{ue] =  {Fe} Equation 16-9

with [K e] being the stiffness matrix of element e, {ue} being the nodal displacements and 

{F e} the element force vector [94].

For a two node bar element, as shown in Figure 16-2, the cross sectional area Ae, element 

length he and Young's modulus E are constant and can express the tensile-compression 

stiffness of the element as:

k e =  EAp^ Equation 16-10
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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 e and the forces at nodes number 1 and 2 

or P® and P| [94]. By combining these values with a linear interpolation function, the 

element stiffness matrix and the element force vector, [K e] and {F e} can be expressed as:

[ K * ]  =
k e - k e 

—k e k e
EAe r i  - i

[-i T ]

Equation 16-11

{F e} =
feK IMS)

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
£x =  ~dx Equation 16-12

and stresses can then be calculated directly by using Hooke's Law [94].

This basic introduction to ID  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 fa i lu r e  
=  Failure  l im it  

>  Fa ilure

where olt are the ply stresses and F1,F2i ... 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 Maximum 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 xlt x2 and x3 coordinate system, aligned with the direction of orthotropy.

r !k

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 +6  and - 6 directions in planes parallel to the Xj -x2 plane [5]

The normal stresses in the xv x2 and x3 direction and the shear stresses in the x1-x2, x3-x1

and x2-x3 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:

—S f <  Oi <  S 

—S2 < o2 <  S 

—S3 <  <j3 <  S 

where S is the strength of the material.

Similar conditions must be met by transversely isotropic materials for no failure to occur. 

These are:

1 lT23 1<  *-*23

' } It 13 1<  *-*13 Equation 16-13

'3* lT121<  *-*12

—S i  <  &1 <  S i S2 <. cr2 <. S2 | t ^ 2  I <  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 Fi ,F2,F3,F i i ,F22,F33,F44,F55 

and F e e -  They are obtained via testing in uniaxial tension and compression, which give the 

+ or -  subscripts respectively and from shear tests in the xx orthotropic direction. At 

failure, the stresses are:

o{  =  S? o{  =  - 5 f

The stresses then give:

F1S? +  F11(51+) 2 =  1 -  FiSi  +  F11(51- ) 2 =  1

which give:

1 1

s f ~ s ^  Si Si
F i =  —  -  —  F n =  + Equation 16-15

The remaining parameters are found using similar methods and are given here:

1 1  .  .
F2 — F22 F3 . _

° 2  ° 2  3 2 ° 2  ° 3  ° 3

F44=(5 ^  F55=( ^  “ 16-16

1

F‘ 6 ' ( V

The tests to determine Slx can be seen in Figure 16-3.

F44 is found when the material is subject to shear r 23 in the x2-x3 orthotropy plane. As a 

result of material symmetry, the failure stress is independent of shear stress direction and 

at failure:

T23 =  *-*23 (=  *$23 =  *̂ 2 3 )

thereby giving

1
F44 =  ~TZ \ 2  Equation 16-17

b->237

The parameters F55 and F66 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 cr3, r 23 

and r 13 in the x^-x2 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 

Transversely Isotropic
Fn<Ji2 +  F22cr| +  F66t 22 +  2F12a1a2 F ^  +  F2o2

Isotropic /7n(o-12 +  tT22) +  2(F11- F 12)T j2 +  2F12cr1cr2 F1{o1 +  a2)

These values can then be input into the equation:

- b  +  y/b2 +  4 af t  — ________________ Equation 16-18
2 a

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 No Failure 

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 x1,x2 and x3 coordinate system, aligned with the direction of orthotropy is required. 

The normal strains in the xl t x2 and x3 direction and the shear strains in the x1-x2, x3-x1 

and x2-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:

~ V i  <  £i  <  Vi 1/231 <  V23

-r)2 < s2 < T)i 1/ 131 <  77̂ 3

- V i  <  £3 <  V3 1/121 <  V12

Also, for transversely isotropic materials, the required conditions for no failure to occur are:

~vi < h < V* -n i < ?2 < nt Iriz I < V12

Where rji denotes the allowable tensile and compressive strains in the xt direction and rjij 

denotes the allowable shear strain in the xr Xj direction [5].

16.4.3 Tsai-Wu Failure Criterion

Several commercial FEA packages use the Failure Index notation [94], which is defined as:

stress
Ip =  ------------  Equation 16-19

strength

Similar to the stress ratio, R, failure is predicted when IF >  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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- l
2 1 

+  -7 Equation 16-21

where:

V  ̂ 2t^2c^3t^3c

01^3
+ C6

V Fl t Flc F2tF2c

B =  (Ff,1 -  F ^ M  + (F^ 1 -  F2-C1)ff2 +  (F-f,1 -  F3-t1)a-3

Where ct are the Tsai-Wu coupling coefficients, which by default are taken to be equal to -1 

[94].

The through thickness strength values h t  and F3c 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, F5, is equal to the in plane shear strength. The shear strength of the 

matrix can also be used to estimate the interlaminar strength, F4 [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]:

but, because it is so small, the second term is usually neglected, thereby simplifying the 

failure criterion to [72]:

where the hat accent ( ) denotes the respective rupture value of the variable considered.

Equation 16-22

Equation 16-23
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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.

The Tsai criterion uses a 2D representation of a general quadratic criterion in stress space:

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 Fx*y is 

found to be:

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.

16.4.5 Tsai Quadratic Failure Criterion

XX' yJXX'YY' YY'
ax av

—  A------------------- —»r  \  r t  1 I 1 iM r i

l l
~ x l. <Tx +

and for closed failure envelopes:

- 1  <  Ky  <  1

Strength/stress ratio R: 
*  R<j|*pp,i#d, or

applied

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 Oi to reach its maximum value when:

, r n n y
Flj°l\max° l \ + F iol \max =  l  

and substituting R(ri \applied for (Ti\max:

[FijOtOjlR2 +  [Fi0 i] f i  - 1  =  0 

solving this quadratic then gives:

aR2 +  bR -  1 =  0 

a =  FijOiOj and b =  Ftai

which gives:

This approach can be easily used due to the resulting strength ratio provides a linear scaling 

factor, so if:

R =  1; fai lure occurs;

R =  2; the safety factor is 2,

1
••• load can be doubled or laminate can be reduced by —

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 dam age

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 a lgor ithm  described in [90] op tim ises the  scarf shape so th a t  the  average shear stress in 

the  adhesive remains constant. This is done by d e te rm in in g  th e  o p t im a l  scarf angle a  by 

numerica l ly  solving:

Tmax =  Equation 16-24

w here

(Yult\
Tf  =  9 { ~ w h

Equation 16-25

w ith  y signifying the  shear stra in r  the  shear stress. The u l t  and Y subscripts  den o te  

u l t im a te  and yield po in ts  o f  the  adhesive respectively. The var iab le  g  is g iven as:

r ,
9  =

avg
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 ccopt can be 

solved by using an iterative procedure, which determines the shape of the cut out on two 

surfaces: z =  0 and z =  t, for a damage described by D (0) as shown in Figure 16-7:

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/dd  with Aa/AQ giving the non linear function for A a as:

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 and minor (7 ) axes of the elliptical repair is:

A
tan aopt(0)

Equation 16-27

Equation 16-28

where:

A =  -  max D ( 6 ) t a n a nnt(6)9 0 ^ 0  977-1 v J opz\ J2 6e[0,2n]
Equation 16-29

Tmax(a i +  An, 6i +  A 9, Aa/AB) =  iy Equation 16-30

The solution of which can be found by employing the Newton-Rhapson method and shows

Equation 16-31

The authors of [90] then state that the scarf angle is:

Equation 16-32

which for small angles is:
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a(0)  ~ cos2 9  +
/sin 9 \ ‘ Equation 16-33

w h ich  is valid fo r  bo th  iso trop ic  and o r th o t ro p ic  materia ls  [90].

/  A

R , ( 0 >

Figure 16-7: Generic Scarf Surface [90]

An in te res t ing  concept as presented in [90] is th a t  o f  th e  Near O p t im u m  repair. This 

concep t can drastica lly reduce the  size o f  op tim ised  repairs, especially if the  dam age is 

o r ie n ta te d  in the  m inor, o r  y, axis. This is achieved by co m b in in g  the  op t im ised  e l l ip tica l 

so lu t ions  w ith  p lanar shapes as seen in Figure 16-8 to  p roduce  a new  shape show n in Figure 

16-9. By doing this, it is possible to  construc t hybrid  shapes w i th  near cons tan t bond 

stresses [90].

(a)

i  f t t t t f t 1
k #  *

♦ 4 4 4

(b)

Figure 16-8: Combining (a) Standard Scarf Repair with (b) Planer Scarf Surface produces a Near Optimum

Scarf Repair Geometry [90]
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Figure 16-9: Near Optimum Scarf Repair Geometry [90]

The results o f  the  FEA conducted  in the  study described in [90] show n  in Figure 16-10 does 

indeed show th a t  th is concept is viable, show ing a near co n s ta n t  c o n to u r  o f  fa i lu re  index:

u n  — T m a xr L I  — Equation 16-34
Tf

If th e  Failure Crite r ion  Index (FCI) is >1, then  the  adhesive has been stressed beyond fa i lu re  

[90], The au thors  also state th a t  w i th  less constra ined  m odels , o th e r  near o p t im u m  

so lu tions may present them selves [90].

The authors o f  [77] also investigated the  op t im isa t io n  o f  scarf repairs. Accord ing  to  the  

authors, all p revious bodies o f  w o rk  have analysed like fo r  like patch lay ups, s im ila r to  th a t  

o f  the  parent lam inate  [77], The au thors  also state th a t  a like fo r  like repa ir  produces very  

l i t t le  ou t o f  p lane d isp lacement, due to  the  m atch ing  plies in bo th  th e  pa ren t  lam ina te  and 

in the  repair patch [77].

The w ork  presented in [77] seeks to  im prove  th e  s treng th  o f  th e  repa ir  unde r  uni-axia l 

tens ion  by op tim is ing  the  o r ie n ta t io n  o f  the  f ib res w i th in  th e  repa ir  patch. This was 

achieved by ob ta in ing  the  s treng th  o f  the  repa ir th ro u g h  d e te rm in in g  th e  fa i lu re  load o f  the  

adhesive [77]. The op t im isa t ion  a lgo r i thm  used by th e  au tho rs  a t te m p te d  to  increase the  

repa ir  s trength  by reducing the  adhesives von Mises stress. This was ach ieved by ad just ing  

th e  fib re  o r ien ta t ions  in the  repa ir  patch plies [77].

For a flush scarf repair, the  op t im a l stacking sequence was fo u n d  to  be [+ 5 0 /+ 4 7 /-  

3 1 /+ 6 8 /+ 1 0 6 /-7 2 / -3 6 /+ 3 6 ]  [77]. Despite being th e  o p t im a l  stacking sequence, th e  au thors  

concede th a t  the  m anu fac tu r ing  and the  load induced tens ion  bend ing  in te rac t ion  o f  th e  

repair patch w il l  be p rob lem atic .  However, f ro m  Figure 16-11 it can be c learly  seen th a t  by 

using the  op t im ised  patch p roposed in [77] a s ign if icant re duc t ion  in th e  von Mises stress 

can be achieved. This is due to  the  so fte r layup being used in th e  repa ir  patch to  avoid 

excessive stress t rans fe r  th ro u g h  the  adhesive, especially  at th e  te rm in a t io n  regions o f  th e  

0° plies [77],
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a

16-10: Near Optimum Repair, showing (a) Mesh and (b) FEA Analysis showing the contour of failure index [90]

Overplies w ere  also discussed in the w o rk  by described in [77] w i th  th e  th ickness and the  

o r ie n ta t io n  o f  the  over plies being analysed on a [+ 4 5 /0 / -4 5 /9 0 ]s pa ren t p la te  w i th  a like fo r  

l ike repa ir  patch. Two over ply angles w ere  cons idered: 45°, co inc id ing  w i th  th e  to p  ply 

angle and 0°, co inc id ing w ith  the  loading d irect ion . The th icknesses analysed consisted o f  0, 

1, 2, 4 and 8 plies. Figure 16-12 shows th a t  the  th icke r  ove r plies reduced th e  stress, bu t 

on ly  fo r  the  o u te rm o s t  plies. The deeper 0° plies w ere  n o t  a ffec ted ; regardless o f  the  over 

ply th ickness. This is shown by the  peak be tw een  1 and 2 in th e  norm a lised  z coord ina te .

The authors  th e n  con t inue  to  analyse the  e ffec t o f  vary ing  the  o r ie n ta t io n  o f  the  ove r  plies 

and th e i r  e f fec t on the  m ax im um  von Mises stress in th e  adhesive. Three repa ir  patches 

w e re  used: like fo r  like; o ffse t plies and op t im ised  [77]. An ove rp ly  was th e n  added to  each 

o f  these repairs and analysed. The o r ien ta t ions  analysed w e re  b e tw e e n  -90° and 90° and 

w e re  norm alised by the  von Mises stress o f  the  adhesive [77]. In th e  m o re  realist ic case 

th a t  th e  au thors  o f  [77] analysed, it was found  th a t  large peel stresses w e re  induced  at the  

o u te r  edges o f  the  adhesive w hen  a near 0° ove r ply was used [77] and th e  p re fe r red  

overp ly  o r ie n ta t io n  w ou ld  be a +54° or -54° [77].
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Figure 16-11: Optimised Flush Scarf Repair Schematic with Plot of Normalised von Mises stress in the

An op tim ised  repa ir w i th o u t  an over ply was found  to  be 33% s tronge r than  a s tandard  like 

fo r  like ply rep lacem en t repair [77]. Apply ing an op t im ise d  ove r ply to  th is  repa ir  increased 

th e  strength o f  the  repair to  90% o f  the  undamaged lam ina tes  orig ina l s t reng th  [77],

It should be no ted  how ever  th a t  on ly  cohesive fa i lu re  in th e  adhesive was taken  in to  

account [77]. Nevertheless, s ignif icant advantages can be ga ined f ro m  the  use o f  ply 

o r ie n ta t io n  op t im isa t ion  a lgo r i thm s such as th is and using non t ra d i t io n a l  ply o r ien ta t ions .

Harman and W ang [119] p resen t an op t im isa t ion  m e th o d  fo r  th e  p ro f i le  o f  a scarf jo in t  

be tw een  tw o  d iss im ilar adherends. This analysis a l low s an a p p ro x im a te ly  u n i fo rm  

d is tr ibu t ion  o f  stress across the  bondline, enhancing th e  jo in t  s t reng th  and reduc ing  the  

a m o u n t  o f hea lthy  materia l rem oved  [119]. Figure 16-13 shows th e  scarf jo in t  g e o m e try  

used to  deve lop  the  govern ing d i f fe ren t ia l  equa tion  fo r  th e  stress d is t r ib u t io n  a long th e  

scarf jo in t ,

adhesive [77]

0 " U )  - p ( x ) 0 ' M  - / ( x ) 0 ( x )  =  g ( x ) Equation 16-35
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Figure 16-12: Effect of (a) 45° over ply and (b) 0° over ply thickness on the von Mises stress in the adhesive

[77]

w here :

f { x )  =
C O )

1 -  V7 v7V2 xz v2 zx +
1 +  V 212

E2xh(x )  E ^ h - L - h i x ) )

g ( x )  =
- ( 1  -  v 2)p c

p(x )  =

c {x )E1(h1 -  h ( x ) )

1 ' 
p(x) =  f e )

a ' ( x ) ta n  a ( x )  sec2 a (x ) (3 E 3 -  G3 +  3 (E3 -  G3) cos 2 a ( x ) )

2 (E3 +  G3 t a n 2 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:

0 " (x ) =  p ( x ) ( f ) ( x ) -I- f { x ) ( 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:

Xi + 1 -  2X; +  X j_i Xi + 1 ~  X/_i
----------------  =  Pi--------2 h-------+  f i x i +  9i  Equation 16-37

which, after rearrangement becomes:

( “ Pi -  +  (2 + h 2f i ) X i  +  (^Pi “  =  ~ h 29 i  Equation 16-38

As singularities of (p(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:

(J)(Xi =  0) =  0 

< K * n  =  I )  =  P o

Once (p(x)  was evaluated along the scarf, the derivative (p'(x)  was determined in order to 

evaluate r^ fro m :

0 '(x) =  (1 +  tan2 a )r12(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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Adherend 2 Deformed shapeAdherend 1 a(x)

i i

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
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