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Chapter 1 Introduction

Chapter 1

Introduction

1.1. Background

The use of adhesive-bonded joints especially in composite structures has been increasing in recent
year for decent properties such like light in weight, less source of stress concentration and better
fatigue properties. However concerns in the practical application, such as joint quality variety
depending on manufacturing, and joint condition sensitive to environmental degradation, affect
reliability and applicability of adhesive-bonded joints.

The common defects in adhesive-bonded joints, which can cause joint failure, such as cracks often
occur in adhesive layer or at adhesive/adherend interface. The complex structure and poor disassembly
of joint make the inspection and maintenance difficult, thus effort has been put on the development of
non-destructive inspection (NDI) techniques for adhesive-bonded joints.

However, although the performances of NDI techniques on detecting defects in bonding area are well
demonstrated, they have several disadvantages. The major one is that, the NDI system is usually
complex and huge, which consists of many devices and sensors. The complex device installation and
wiring works make the NDI usually used for on-ground inspection, which induces two problems, the
first is high inspection cost especially for aging structures needing intensively inspection, the second is
the faint effect on preventing catastrophic failure of the structure during service, which is relatively
often for adhesive-bonded joints in aggressive environment or with bad initial joint quality.

In order to solve these problems, an inspection/maintenance method is high desired, which provides
real-time monitoring of the joint conditions since manufactured to detect defects to aid in the further
inspection, strength assessment, and life prediction. Considering the desires, the modern maintenance
strategies suggesting real-time on-board monitoring and automatic structural condition assessment
such as structural health monitoring (SHM) are expected to give a better solution for adhesive-bonded
joints.

Among the sensing techniques for SHM, optical fiber sensor (OFS) is promising for SHM of joint for
two unique features: the small sensor size, which makes it easy to be embedded into bonding area for
measurement, and the ability of distributed sensing, which enables high precision of
structural/mechanical condition monitoring and damage detection.

Among OFSs, the long length fiber Bragg grating (FBG) sensor associated with distributed sensing
technique based on optical frequency domain reflectometry (OFDR) is considered to be an ideal
technique for adhesive-bonded joints for three reasons. First, it can provide strain distribution
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Chapter 1 Introduction

measurement along FBG with spatial resolution of less than 1 mm, which is very high even among the
OFSs. Second, the system is relatively simple comparing with other high-spatial-resolution OFS
techniques, which means it is easier to be installed on structure for on-board monitoring for structures
with limited space such as airplanes. Third, it can record all the information in each measurement,
which means not only strain but also other information such as FBG spectra can be obtained during
monitoring, thus more information of structure can be estimated.

However, the SHM method for adhesive-bonded joints using OFS hasn’t been given enough attention.
The dynamic continuous measurement for joint condition monitoring and the damage detection based
on the measurement using OFS, which are the important steps of SHM, haven’t been demonstrated.
Therefore, this study was carried out, and the ultimate objective is to develop an SHM method for
adhesive-bonded joints using OFS sensing techniques.
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1.2. Objectives of this study

The ultimate objective of this study is to develop an SHM method for adhesive-bonded joints using
OFS sensing techniques.

The SHM method development consists of several steps including operational evaluation of structure,
sensing technique development, data acquisition, data analysis and diagnostics, structural condition
assessment, damage detection and report, etc. This is a huge work, and it is difficult to achieve all the
steps. Thus in this study, | only focused on the fundamental but important steps.

The specific goals/objectives are shown as following:

(1). Study objects analysis and OFS technique development

There are many forms of adhesive-bonded joints specialized in different load bearing, instead of
discussing all the forms this study will only focus on a specific joint form. The joint form and target
damage of it should be representative, so the developed method may be applied to other joint forms. In
order to determine that, background information of adhesive-bonded joints need to be studied.

There are many kinds of OFS associated with different interrogation methods, it is important to decide
which one to use. Background study is necessary to determine the OFS technique that most suit
purposes of this study. After that, the OFS sensing system for this study should be developed
considering the acquirements of this study based on the chosen technique.

(2). Dynamic strain distribution measurement in adhesive-bonded joint

To achieve real-time monitoring, the dynamic measurement of damage indicator, the strain distribution,
in adhesive-bonded joints using developed OFS sensing system should be carried out. Before the
measurement, the preparation works including specimen manufacturing, OFS embedment and test
design need to be done carefully. After the measurement, besides the result discussion, the measured
data should be used to evaluate the measurement and sensing system in aspects such as accuracy and
stability.

(3). Damage detection and further applications

The detection method of target damage based on analysis of damage indicator should be developed.
And the measurements in tests should be used to estimate the damage occurred in tests to confirm the
detection method. After that, based on the measurements analysis, more damage detection methods
may be proposed. And besides target damage detection, more subjects which the OFS sensing
technique may achieve should be considered.
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1.3. Construction of this thesis

The construction of this thesis is shown in Fig. 2-1.

In chapter 1, the background and objectives of this study are briefly introduced.

In chapter 2, the background information of adhesive-bonded joint and SHM are studied. Based on
discussion, the joint form and target damage considered in this study are specified, the specific
objectives for this study are defined.

In chapter 3, the background information of OFS is introduced. The principle of OFS sensing
technique involved in this study is introduced in detail. The development process of the OFS sensing
system for this study is introduced in aspects of system specification, development and evaluation.

In chapter 4, the OFS embedment procedure for adhesive-bonded joint is developed and introduced.
The joint specimen with embedded FBG in interface between adhesive and adherend according to the
procedure is made. And based on the embed position control, the three-dimensional finite element
model of joint including embedded OFS is built to aid measurement analysis. The specimen is
subjected to static and cyclic load, during tests the developed sensing system is employed for dynamic
strain distribution measurement. The measurement accuracy and sampling rate are evaluated.

In chapter 5, a damage detection method based on strain distribution variation is proposed, and the
cracks occurred in cyclic load test are estimated by it using embedded FBG measurement results. The
irregular FBG spectra around crack front and overlap end during tests are investigated, another crack
detection method based on examining FBG spectra is proposed. Three future subjects to improve
applicability of OFS sensing technique developed in this study in SHM for adhesive-boned joints are
proposed.

In chapter 6, the final conclusions of this study are made.



Chapter 1 Introduction

~
Chapter 1
: Background of study.
Introduction Objectives of study.
Background
~
Chapter 2
Adhesive-bonded joints and Obiect foit £ i tatoet d
o ject joint form and target damage.
structural health monitoring SHM techniques for adhesive-bonded joints.
\\ Background of OFS.
Background of OFS and its system involved
______________ Chapter 3 i this study. ..
Original works Optlcal fiber sensing system Development of dynamic distributed sensing
system for this study.
~N
Chapter 4
Dynamic strain distribution Development of OFS embedment procedure.
measurement Dynamic strain distribution measurement in
static and cyclic load test.
~N
Chapter 5
Damage detection and further |Proposalof damage detection methods using
P developed sensing technique.
apphcatlons Proposal of future study subjects.
~
Chapter 6
: Summary of achievements in this study
Conclusions and proposals for future work.

Fig. 2-1. Construction of this thesis



Chapter 2 Adhesive-bonded joints and structural health monitoring

Chapter 2

Adhesive-bonded joints and structural health monitoring

2.1. Adhesive-bonded joints

The adhesive-bonded joint is an important joint form with many advantages such as light weight, less
stress concentration sources, smooth adherend surface and so on. The use of adhesive-bonded joints
has been increasing in recent years for structure weight reduction and energy conservation, especially
associated with composite materials which has light weight, high strength, and attracts engineers’
attention in many industrial fields.

However in practical applications, the applicability of adhesive-bonded joints is affected by concerns
such as the initial joint strength which highly depends on manufacturing and long-term joint integrity
which is sensitive to service environment. The inspection/maintenance methods are highly desired to
improve the applicability of adhesive-bonded joints

In this chapter, the basic information of adhesive-bonded joints is introduced in aspects of adhesion
principles, joint geometric configurations, joint strength, defect types and failure modes, theoretical
and numerical analysis methods and non-destructive inspection techniques. The study object and target
damage are defined in summary of the first section. The specific objectives are defined in summary of
the second section

2.1.1.  Joining methods and Joints

The most structures consist of a number of individual components which must be connected to form
an integral load transmission path. These connections are often referred to as joints'. According to the
design of structure, the joints can be achieved in many methods, mechanical fastening such as bolting
and riveting, welding or brazing for connecting metallic components, and the adhesive-bonded joints.
Each joint form can be the weakest member and need careful design, manufacture and maintenance to
keep the structure from catastrophic failure.
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Mechanical fastening

The mechanical fastening employs a variety of fasteners such as nuts and bolts, screws and rivets to
assemble the individual components and transmit load. It can be applied in various structures and
materials, and particularly suitable for thin sheet sections. The manufacture of mechanical fastening
can be simple and controllable, and the disassembly for inspection after manufacture is possible.
However, a hole or space in other shapes on the substrates is needed for fastener, for which the
strength of the structure can be influenced. During service, the stress concentration occurs on
substrates and the fatigue durability is relatively low?.

In mechanical fastening, the load is transmitted at the contact surface between the hole on substrate
and fastener, so the joint strength usually depends on the strength of contact surface of substrate and
shear strength of fastener. The failure mode of mechanical fastening depends on parameters such as
the load form and direction, joint geometric configuration and environmental conditions. Some typical
failure modes are shown in Fig. 2-1.

g

——
= iy .
——
Shearout
failure Bolt pulling through laminate
e
—_—
Cleavage tension failure Bearing failure Bolt failure

Fig. 2-1. Typical failure modes of mechanical fastening joints

Welding

Welding is a process which joins materials, usually metals, by melting the work pieces and adding a
filler material to form a pool of molten material that becomes a joint after cooling. The process is
usually accompanied by appreciable interatomic penetration takes place at the original boundary
surfaces of materials. After welding, the boundaries more or less disappear, and integrating crystals
develop across them. The strength of welding joint is generally higher than mechanical fastening joint,
and the air tightness and water tightness are better. On the other hand, problems such as the residual
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stress generates in welding region due to thermal expansion of substrate during welding process and
joint quality depending on manufacture skill can affect the joint reliability.
The welding joint can be achieved in various geometric configurations, for examples, several types of
arc welding joint are shown in Fig. 2-2. There are many types of welding such as metal arc, atomic
hydrogen, submerged arc, resistance butt, flash, spot, stitch, stud and projection. The arc welding and
spot welding are two common types widely used in many industrial fields.

Plate | ,
Butt Joint

Butt Joint Tee Joint

I | Comer Joint

Lap Joint

@ I Tee Joint
Edge Joint | ?

Comer Joint

Comer Joint

Fig. 2-2. Typical welding joint forms?

Adhesive bonding

Adhesive bonding employs adhesive between two or more adherends to join them by adhesive force
after adhesive curing. Comparing with mechanical fastening using rivets or screws which provides
point joining at contact surface between fastener and substrates, the adhesive bonding provides area
joining at bonding area by which stress concentration can be reduced. Comparing with welding which
is usually applied to metal materials, the adhesive bonding has much wider application range and can
bond dissimilar materials. In many industrial fields, adhesive bonding enables development of
innovative design concepts, structural configurations and new material exploitation for its unique
features shown in

Table 2-1. The limitations which need to be considered when design and apply structure involving

8



Chapter 2 Adhesive-bonded joints and structural health monitoring

adhesive bonding are also shown.

In recent years, for the increasing concern about environment and energy, adhesive bonding is
considered as a promising joining method for structures especially the transportation means to reduce
the structure weight and energy cost. The weight of adhesive is lighter than fastener and adding
material in welding, and adhesive bonding can be applied to join the high-strength light-weight
advanced materials such as honeycomb structures and fiber reinforced plastic (FRP) composite
materials®,

On the other hand, the quality of adhesive bonding can be various depending on manufacturing.
During manufacturing, for adhesive, the adhesive quality, curing conditions, cooling conditions, filet
control and adhesive layer thickness can affect the joint quality. And for adherends, the adherend
material and surface treatment can cause large influence. Thus the quality evaluation after
manufacturing is important for each adhesive-bonded joint in order to manage the strength and
capacity of the whole structure. However, the disassembly of adhesive-boned components can be
difficult, for which inspection techniques such as non-destructive inspection (NDI) techniques are
highly desired. During service, the strength and service life of adhesive-bonded joint are sensitive to
environmental degradation and the mechanical condition monitoring techniques are considered to be
important to avoid catastrophic failure®.

Table 2-1. Advantages and limitations of adhesive-bonded joints

Advantages Limitations

Ability to form light weight, strong and stiff Cannot be disassembled

structures

Ability to join dissimilar materials Residual stresses due to manufacturing
Improved stress distribution, no stress Limits to thickness joined with simple
concentration in adherends configurations

Enhanced fatigue properties due to improved Sensitive to peel or through thickness stress
stress distribution

Improved corrosion resistance Poor resistance to elevated temperature and
fire
Smooth surface finishes Prone to environmental degradation

Bonding process can be automated, Inspection can be difficult
cost-effective joining
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2.1.2.  Adhesive-bonded joint

Adhesive and adhesion

An adhesive may be defined as the material which can be applied to surfaces of materials in order to
join them together and resist separation. Adhesive is the general term including cement, glue, paste,
etc. and they are used interchangeably. The term adhesion often refers to the attraction between the
substances, it is the interatomic and intermolecular interaction at the interface of two surfaces®.
Adhesion is a multi-disciplinary topic including surface chemistry, polymer chemistry, physics,
rheology and other subjects. It is difficult to explain the adhesion phenomena in a single mechanism,
the investigation and debate on it have lasted for decades. There are mainly six mechanisms or theories
that could provide explanation for the adhesion process, and each of them seems to be promising in
explaining particular phenomena associated with adhesive bonding.

a) Mechanical interlocking model

b) Electronic theory or electrostatic theory
¢) Weak boundary layer theory

d) Adsorption theory

e) Diffusion or interdiffusion theory

f)  Chemical bonding theory

These models are helpful not only for the understanding of adhesion phenomena but also for optimal
bonding procedure design.

Joint configuration and stress distribution

The materials being bonded are usually referred to as the substrates or adherends. The latter term is
commonly used when the materials are considered as a part of the joint. Adhesive-bonded joints are
typically achieved by bonding thin substrates together in a lap or strap-joint geometry when the
substrates are in the same plane. Some common joint forms, lap strap, step and scarf, are shown in Fig.
2-3.

10
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 — [ 1
L . ¢ 1l 5

Bonded Doubler Double-Lap Joint

L F

‘Unsupported Single-Lap J:Jil'lt < ﬂ r
— I —— Tapered Strap Joint

Single-Strap Joint

— — = 3
Tappered Single-Lap Joint Stepped-Lap Joint

£ : ' L3 — 4
Double-Lap Joint Scarf Joint

Fig. 2-3. Typical adhesive-boned joint forms’

Usually the strength of the polymeric adhesive is relatively low compared with the bonded substrates,
and the geometry of the adhesive-bonded joint is designed based on the strength of both. The strength
of structural adhesives rarely exceeds 100 MPa, which is typically substantially less than the strength
of the substrates. Therefore the bonding area needs to be substantially larger than the load carrying
cross-sectional area of the substrates to prevent premature failure in the adhesive bond’.

For the adhesive-bonded lap and strap joint the stress/strain distribution in overlap bonding area is
highly non-uniform and concentrates at the overlap ends. The main reasons for this can be considered
as the dramatic geometry change at the end of the overlap and axial deformation of the adherends.

For example, the shear stress and peel stress (through-thickness stress) distribution in adhesive layer,
which can be calculated by theoretical or numerical method, of a lap joint loaded in tension is shown
in Fig. 2-4. The force applied on the joint is not co-linear, which induces the bending moment on
overlap ends and finally causes the joint deformation. If the adherends are rigid and don’t deform
axially, the shear stress distribution should be uniform in overlap area. In reality, however, the
adherends deform under the bending moment and the shear stress distribution is not uniform and
concentrates at the overlap ends as shown in figure. 4. Thus since the area under the shear stress
distribution must be equal to the load applied to the adherend per unit width, a joint with deforming
adherends will always have a higher shear stress at the ends of the overlap than a joint with rigid
adherends. Although the lap joint is loaded in shear, the peel stress will be induced in the adhesive
layer for the joint deformation. The peel stress distribution is similar with shear stress distribution, it is
not uniform throughout the overlap and reaches maximum at the overlap ends. The peel stress is often
tensile and it can negatively influence the strength of adhesive layer and even cause delamination in
fiber reinforced adherends with low transverse strength’. Many efforts have been made to improve the
joint geometric design, such as by tapering the substrates towards the overlap end, to reduce the
unfavorable stress concentration at overlap ends.

For most structures, the strength of structure is determined by the strength of their joints. When using
adhesive-bonded joints, the joint strength can usually be achieved stronger than the surrounding
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structure by using tapering techniques. The bond strength with respect to the joint type and tapering is
shown in Fig. 2-5. The adhesive-bonded joints should always be designed to be stronger than the

surrounding structure to ensure tolerance to initial flaws or other unpredictable defects during
manufacturing and service.

Shear stress Peel stress

g N =

Fig. 2-4. Deformation of adhesive-bonded single-lap joint and stress distribution in bonding area

3 —— %

Scarf Joint

e — =
Stepped-Lap Joint

Joint strength

Tapered Strap Joint

N — i
Double-Lap Joint

Unsupported Single-Lap Joint

W

Adherend thickness

Fig. 2-5. Strength of adhesive-bonded joints in different joint forms
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Typical defects and failure modes in adhesive-bonded joints

In review of defect types for adhesive-bonded joints by R. D. Adams®, the two prime areas of defects
in adhesive-bonded joints are the adhesive layer and the adhesive/adherend interface zone considering
both the initial defects and in-service defects.

The common defects found in adhesive layer were introduced as shown in Fig. 2-6. Porosity is caused
by volatiles and entrained gases in the adhesive layer. Voids are sometimes formed by the coalescence
of markedly porous areas, but are more often caused by air entrapment during laying of the adhesive
by volatiles and other gases given off, or by insufficient adhesive being applied. The phenomenon of
gas voids in adhesive layer has been observed during joint manufacturing in this study, which will be
discussed in chapter 4.

Adhesive

Porosity

Fig. 2-6. Common defects in adhesive layer®

For the defects at adhesive/adherend interface, if the adherend surface is contaminated by oil deposits
or loose oxide layers before bonding, or if the adhesive is left too long after mixing and forms a ‘skin’,
the interface bond may be weak. A complete lack of bond is, effectively, a zero-volume void at the
interface and this can be very difficult to detect. For these reasons, great care has to be taken when
preparing adherend surfaces.

During service, damages tend to occur in the weak area in adhesive layer and at adhesive/adherend
interface as described above. And in addition to various stresses which can lead to crack formation and
general deterioration, adhesive-bonded joints are particularly susceptible to aggressive chemicals and
moisture. The adhesive may be degraded so that its strength and stiffness are lower, although its
ductility may be improved.

13
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The failure of adhesive-bonded joints can happen at different location and in a variety of failure modes.
It can initiate in the adhesive or in the adherend, depending on the geometrical configuration, the
adhesive and adherend material manufacturing procedure and so forth. When a lap or strap-joint
bonded by the tough adhesive is loaded to failure, the failure sequence in adhesive layer is usually:
yielding, damage initiation and growth and final fracture. These events usually start at the overlap end
and propagate towards the overlap center.

It is difficult to describe and define all the possible failure modes, especially for adhesive-bonded
composite joints. And the failure modes are classified into four general groups taking composite joints
into account as well as shown in Fig. 2-7:

a) Adherend failure due to bending, tension or compression etc.

b) Adherend-adhesive interfacial failure

¢) Cohesive failure

d) Out-of-plane adherend failure due to delamination in composite adherend

Fig. 2-8 depicts some possible cohesive and adhesive failure modes in an adhesive-bonded single-lap
joint with and without adhesive spew filet. Figure (a) and (b) indicates the possible damage initiation
locations and the possible damage growth directions®. Figure (c) to (e) depicts the possible damage
propagation path in the overlap length direction, the first one is in adhesive layer between the two
adhesive/adherend interfaces, the second is at the adhesive/adherend interface and the third is a wavy
path.

Usually it is difficult to predict precisely the failure mode of an adhesive-bonded joint. But by
improvement of manufacture procedure to control the geometric configuration and the choice on
adhesive and adherend material, the range can be narrow down to mentioned four groups.

14



Chapter 2 Adhesive-bonded joints and structural health monitoring

]
Adherend failure

Adherend/adhesive interface failure

Cohesive failure

——

D]

——

Delamination

Fig. 2-7. Typical failure modes of adhesive-bonded joints
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<

()
(©) (d (©)

Fig. 2-8. Cohesive and adhesive failure modes of joint with and without adhesive spew filet*
Stress analysis techniques for adhesive-bonded joints

The stress analysis in adhesive-bonded joints is very important for the joint strength evaluation,
fracture condition assessment and service life prediction.

However, due to differential straining in adherends, adhesive-bonded joints inevitably experience
stress elevations, especially near the ends of overlap where load transfer takes place. Since a bonded
joint represents a multi-layer structure involving two adherends and an adhesive layer, the stress states
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that exist at various levels in a bonded joint are very complex. Many efforts have been made to
develop and improve the stress analysis methods for adhesive-bonded joints in past decades, and the
theoretical and numerical methods are two main approaches among them.

The simple model for a single-lap joint considers the both adherends as rigid bodies and thus the
adhesive is subjected to pure shear. Volkersen abandoned the rigid adherend assumption and allowed
the adherends deformation when loaded in tension®. As the result, it was shown that the non-uniform
shear stress distribution in the overlap and the shear stress at the overlap end is much higher than that
in the middle.

To make a more detailed discussion on his theory, the single-lap joint is shown in Fig. 2-9, and the
effects of loading the joint in tension with both inextensible and elastic substrates are shown
respectively. In both cases the substrates bears the full load F, just before the joint overlap and
transmits it gradually to the other substrate through the adhesive. Thus the stress in substrate 1 will be
highest at A and gradually diminish towards B where it will be zero and the converse will hold for
substrate 2. In the case of loaded joint with inextensible substrates, the non-deformable substrates will
move as solid blocks and the adhesive layer will possess a uniform distribution of longitudinal shear
strain/stress. Therefore the stress field variation in substrates is not important if the substrates are
inextensible. However, in practice, the substrates behave at least as elastic materials. For elastic
substrates the tensile strain in substrate 1 at A is larger than at B, with the converse for substrate 2.
This strain must progressively reduce over the bonded overlap length. Therefore, the deformation will
be as shown in figure (c), and the shear stress distribution will be as shown schematically in figure (d),
with the largest shear strains and stresses, in the adhesive occurring at the very ends of the overlap, at
points C and D. Note, that assuming continuity of the adhesive/substrate interface, the uniformly
sheared parallelogram in figure (b) becomes distorted to the shape illustrated in figure (c), and this is
known as differential shear.

In Volkersen’s study, the stresses in the adhesive arising from the differential shear strains were first
analyzed. The maximum shear Stress, T;,max, IN the adhesive is related to the applied shear stress, 7,

by:

T12max
Nemax = Eqg. 2-1
To

where 7. is the stress concentration and the value of 7 is given by:

F F

S — Eq. 2-2
to (bonded area) bl, g

where F is the applied tensile load and b is the width of the joint.
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Fig. 2-9. Schematic representation of single-lap joint and distribution of elastic shear stress in the adhesive layer®

The situation considered by Volkersen, whilst it indicates the importance of various parameters on the
potential strength of single-lap joint, is incomplete in that it takes no account of the tensile stresses
generated in the adhesive as a result of the eccentricity of the loading of the joint.

Golands and Reissner'® recognized from laboratory experiments with lap joints that the bending of the
substrates outside the joint region had a pronounced effect upon the stress distribution in the joint itself.
They assumed that the adhesive and substrates behaved as linear elastic and expressed the effect of the
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bending of the substrates in their bending moment factor «, and associated rotation factor x*. The two
parameters are not independent but « is usually the dominant term, which is dimensionless and is the
ratio of the existing bending moment just before the bonded overlap to the value of this moment for
inflexible substrates:

1/2 1/2
1 3 l F
- 1/2 z 2 - ( ) Eg. 2-3
K 1+22) tanh{(z a US)) 2d \Esbd } q

where v, is the Poisson’s ratio of the substrate and d is the thickness of the substrate. The resulting
response of peel stresses which vary dramatically over the overlap length were also identified and
discussed.

Based on works of Volkersen, Golands and Reissner, development in stress analysis theory and
method was made by many researchers in past decades. Only brief introductions are made here. In
Golands and Reissner’s theory, the bondline thickness of the joint was assumed to have negelectable
effect on determination of the edge bending moment. Hart-Smith et al."* improved the theory by
considering the individual deformations of the upper and lower adherends. A further development was
conducted by Oplinger*> who took into account the large deflection effect in the joint overlap and
presented a more detailed analysis. The finite element analysis (FEA) enables more accurate analysis
on the joints and has been under intensive study. Wooley et al.*® carried out a geometrically linear
analysis on single-lap joint and performed parametric studies. Crocombe A.D. et al.'* performed a
two-dimensional linear analysis to study the influence of spew fillet on the stress distribution of the

single-lap joint. Tsai et al.™

performed a two-dimensional geometrically nonlinear analysis to
compare with the theoretical analysis. Chan and Vedhagiri *® performed an analysis using
three-dimensional FE model to investigate the stress distributions in laminated composite joints with

multiple pin loads. Richardson et al. !’

presented a comparison between the two- and
three-dimensional FEA of adhesive bonded joints, their results showed that 2-D FE solution is

adequate for a number of bonded joints.
Non-destructive inspection (NDI) techniques

The use of adhesive-bonded joints has been increasing for their advantages in areas that have been
dominated by mechanical fastening and welding joints. Although the modern adhesives have been
improved in strength, modulus and toughness, there still exist some typical concerns including joint
strength evaluation and long-term durability. Bond deterioration in aging structures and original bond
strength after manufacturing are now critical issues'®.

The current NDI techniques have been playing an important role in damage measurement and
characterization in offline inspection using portable sensors, and aid in the mechanical condition
assessment associated with post-inspection failure test for adhesive-boned joints.
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Although the NDI may not be considered as effective and economical especially for long-term
monitoring, it may be employed by advanced maintenance concept such as structural health
monitoring (SHM). The brief information of some typical NDI techniques™® for defect and damage
detection in adhesive-bonded joints is introduced in this section.

a) Visual techniques

As one of the most basic inspection methods, visual inspection can identify obvious defects and
reasonably small defects associated with simple magnification. Dye penetrant method can be applied
for improvement of visualization of defects at surface and free edges of joints. The basic visual
inspection method usually requires low skill levels, however, it is expensive and not effective. The
assessment is made mainly by human based on experience.

b) Ultrasonic methods

Ultrasonic inspection is the most widely used inspection technique for the NDI of adhesive-bonded
joints. The inspection usually employs either with a single transducer in pulse-echo mode or with two
transducers in through-transmission mode. Using either of them, the transducer needs to be coupled to
the structure through a liquid or solid medium because the impedance doesn’t match between air and
solid materials. Several measurement types can be achieved when using basic ultrasonic inspection
equipment with water or gel coupling for transducer, and many methods of displaying the test results
are also available. The most common methods should be the A, B and C scans®.

The A scan usually gives time history of the echo signals received by the receiving transducer. This
technique can be used to quantify bond strength, Fig. 2-10 shows a series of signals detected in joints
with decreasing bond strength. The results show that the signal amplitude is affected by the physics of
the changing bond.

T-PRI-1F-E T-MO-RE-MS-25-11F-E T-GRE-100-01-15F-E T-MO-RE-MS-50-12F-E
(100%) (90%) (T0%) {70%)

L R A R e

T-PWD-10-15F-E T-5C-25-11F-E T-GRE-100-02-15F-E T-GRE-100-05-15F-E
(50%) (50%) (30%) (10%)

Fig. 2-10. Inspection results of ultrasonic A scan (bond strength is indicated by percentage humbers below each

graphs)®
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For the B scan result, the vertical axis is the time axis in A scan result, and the horizontal axis gives
information of position. Thus the cross-section image of the component can be built. A B scan
inspection result of joints in good bond and porous bond is shown in Fig. 2-11.

front face echo front face echo

bond echoes bond echoes

back face echo

GOOD BOND POROUS BOND

Fig. 2-11. B Scan in a carbon fiber composite lap joint (joint thickness of 3.7 mm)?

Based on B scan, if the amplitude of a particular echo is monitored at each point on the surface of
work, a C scan can be produced. As shown in Fig. 2-12, in C scan inspection results, the color
brightness becomes darker as the bond becomes weaker, which is caused by the decreasing of signal

amplitude.
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Fig. 2-12. C scan inspection results of decreasing bond strength?
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In many adhesive-boned joints, the thickness and modulus of the adherends may be assumed to be
reliably constant, hence, any change in the frequency or amplitude of the resonance wave may relate
not only to the presence of voids but also to the modulus and thickness of a non-voided adhesive layer
and to the strength of the joint. One such instrument widely used in industry is the Fokker Bond
Tester” which works between 30 kHz and 1 MHz and measures difference in resonance frequency
and the amplitude of the standing waves.

Usually a series of joints differing in strength, typically achieved by varying the adhesive layer
thickness, is prepared and examined with the Fokker Bond Tester. The non-destructive tests are
correlated with subsequent destructive tests and a calibration curve obtained. A typical relationship is
shown in Fig. 2-13, the ‘Right Shift’ is a decrease in frequency and a ‘Left Shift’ is an increase in
frequency. Once the required strength of the joint is known these calibration curves can be used to
establish acceptance limits based upon reading of the instrument, which may now be used for quality
control.

Joint Failure
Stress (MN/m?)

4
/ %7} -30
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Fig. 2-13. Correlation curve between resonant frequency changes and failure stress for a Fokker Bond Tester MK
1
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¢) Acoustic emission

Acoustic emission can be used to detect adhesion failure induced by fracture, but the joint needs to be
loaded at about 50% of its failure load®’. During inspection, the sensitive narrowband piezoelectric
transducers are positioned on the surface of the structure, and by which the stress waves emitted by
crack propagation and micro cracking can be received. The time of the first signal arrival enables the
locating of the defect. The amplitude of the signals is used as indicator of the future life of the joint.

d) Radiography

The conventional X-ray techniques are seldom used on metal-metal adhesive-bonded joints because
the polymeric adhesive is much less dense than the adherends. Metallic fillers®® can be used to
enhance the contrast and tapering or voids in bonding area can be shown. For joints in composite
materials, the density of fiber reinforced plastics adherends has a similar order to that of the adhesive,
thus X-rays can be used by choosing a proper energy and flux.

During specimen manufacturing in this study, the X-ray inspection has been employed to detect the
voids in adhesive layer after joint bonding, the more introduction will be shown in chapter 4.

e) Thermal methods

By heating one surface of an adhesive-bonded structure and observing the temperature rise of the
opposite face, the disbond area, which resists the heat transfer, can be observed as cool areas in the
result?”. Alternatively, if the heated face is scanned, disbonds will show as hot areas. Temperature
sensing is normally done with a scanned infrared camera. Heat pulses or moving heat sources have
been in conjunction with video recording of the transient thermal response®.

f)  Microwave

Microwave assisted NDI techniques can be used mainly on non-metallic materials to determine the
moisture content degree by measuring the microwave absorption. Its application in adhesive-bonded
joints has had very limited success.

And there are other techniques such as acoustic transmission®®, impedance methods and leaky lamb
wave?’. The NDI techniques have shown good performance in both laboratory tests and industry use in
defects detection in adhesive-bonded joints and assessment of joint strength.

The basic aim of NDI techniques should be the direct correlation of some parameter measureable with
the failure property to be measured or predicted, without impairing the effectiveness of the bonded
part for its intended application. However, it appears that few of the NDI techniques employ directly
correlate with any critical failure property. Most techniques such as ultrasonic methods and
radiography attempts to find defects in the joint, based on inspection most decisions need to be done
by human based on experience. And from the view of practical application, most NDI systems consists
of a variety of devices and the following complex installation and wiring work, which means the
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inspection needs to be carried out in a particular place, or at least the structure should be off-line for
inspection. The direct consequences will be the high cost of inspection and the shortened service life
of structure. The on-ground inspection can also lead to another disadvantage, the faint effect on
preventing catastrophic failure of the structure during inspection interval, which is relatively often
occurs on adhesive-bonded joint in aggressive environment or attacked by impact load. The modern
maintenance strategies suggesting real-time on-board monitoring and automatic structural condition
assessment such as structural health monitoring are expected to give a better solution for
adhesive-bonded joint, the further discussion will be shown later in this chapter.

2.1.3. Summary

There are various advantages in using adhesive-boned joints over mechanical fastening and welding
joints including light weight, less stress concentration, better fatigue properties, smooth substrate
surface and so forth. However, they haven’t been fully accepted and applied by engineers for some
concerns, such as the initial joint strength which highly depends on manufacturing and long-term joint
integrity which is sensitive to service environment. The complex geometric configuration and poor
disassembly of adhesive-bonded joints makes it a big challenge for joint inspection and evaluation.
Although the analytical methods have been developed for decades and can provide detailed
stress/strain information based on knowledge of joint geometry, material properties and applied load,
the strict joint manufacture according to specification is difficult and incongruity in geometry such as
adhesive layer thickness or spew filet can largely affect the analysis accuracy. The NDI techniques are
good at detecting and characterizing detects and damages both for joint quality evaluation and
scheduled inspection. However they are expensive especially for aging structures which need intensive
inspection, and can hardly provide real-time monitoring which can help to avoid catastrophic failure
due to unexpected load or environment.

A maintenance or health manage method is highly desired for adhesive-boned joints, it should provide
real-time monitoring of the structural and mechanical conditions since manufacture, and detect and
report the defects to aid in the further inspection and joint strength assessment. In this way, the
inspection cost can be reduced, and safety and structure service life can be improved. The SHM is
considered as a promising concept, and it will be introduced in next section.

The ultimate objective of this study is to develop the SHM methods for adhesive-bonded joints.

The adhesive-bonded single-lap joint is used as study object because it is the basic form of lap joints
which has been widely used in modern structures such as wind turbine blade, and it is geometrically
simple for specimen manufacturing, and it is a representative joint form which has been studied in
numerous reports, the reference is easy to find. There are various types of adhesive-bonded joint,
discussion on each is difficult, so the use of SHM methods for single-lap joints are supposed to be
extended to other joint forms.
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The target damage is the crack occurred in adhesive layer or at adhesive/adherend interface, because it
is the common reason for joint failure, and it can be produced easily in laboratory.

2.2. Structural health monitoring

The modern society relies heavily on the structural and mechanical systems such as buildings, bridges,
aircrafts, power generation systems, rotating machinery and so on. Many of these structures are near
their original design life, and the replacement cannot be easily achieved. Damage detection techniques
are being developed and implemented so that they can be safely used even if their operation is beyond
the designed service life. Also, for the newly designed and manufactured structures, the novel
materials whose long-term behaviors are not well understood may be used. And in order for more
cost-effective designs, the new structures may be built with lower safety margins. These circumstances
require that the onset of damage in new structures can be detected at the possible early period in order
to prevent structure failure that may cause loss of lives and economic consequences.

Usually six disciplines are involved when carry out the damage detection in structure. Structural health
monitoring (SHM), condition monitoring (CM), non-destructive evaluation (NDE) also referred as
non-destructive testing (NDT), health and usage monitoring system (HUMS), statistical process
control (SPC) and damage prognosis (DP).

The SHM usually refers to the process of implementing a damage detection strategy including the
observation of structure over time using periodically dynamic measurement, the extraction of
damage-indicating features and the structure health assessment based on the analysis of these features.
For long-term SHM, the output of this process is the periodically updated information regarding the
ability of the structure to perform its function under the ageing and degradation due to the operational
environments. For the extreme events, such as earthquake or unexpected loading, the SHM could be
used to provide real-time information about the structure performance and aid in the assessment of
structure integrity.

The SHM has the potential in cost control for structure maintenance especially for ageing structures
which demand more intensive maintenance. Compared with the conventional time-based maintenance
based on the designed schedule, the SHM can provide the damage detection and report, by which the
condition-based maintenance can be achieved and the over inspection and maintenance can be
avoided.

In this section, the SHM will be briefly introduced in aspects of SHM process and axioms, SHM
development and application, SHM for adhesive-bonded joints.

2.2.1.  SHM process

The SHM is a complex and case-based process, and generally it can be broken down into four steps®
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described below.

a) Operational evaluation

The different structure has different function, performance, loading condition, service environment and
specific requirements. For each particular structure, the goal of operational evaluation is to determine
the SHM requirements including the damage types, operation and environmental conditions, and
limitations on data acquisition such as cost, installation procedure, environmental concerns, etc.

b) Data acquisition

All aspects of the measurement is determined in detail in this process, such as the sensing technique,
sensor location, measurement range and accuracy, sampling rate, normalizing and cleansing data, etc.
The sensing technique and data acquisition hardware to be used are usually decided based on
consideration of cost as a major role. If failure mode caused by fatigue crack growth is taken into
consideration, the quasi-continuous data at short time intervals should be collected once the critical
crack initiated.

c) Feature selection

The goal of feature selection process is to determine what characteristics of the data can be used for
damage determination. For this process, the common method is through robust testing of a structure
with incremental damage states and finding the changes in corresponding data. The feature that
indicates a damage state but does not respond to the environmental or operational variations is
considered as ideal.

d) Feature discrimination

The feature discrimination process determines the measured values which can be used as indicators of
damage. Usually the measurement provided by SHM sensing system during monitoring does not
indicate the damage directly and statistical model needs to be developed that specifies the feature of
indicator. Three methods are commonly used for statistical model development: supervised learning,
unsupervised learning and outlier detection.

2.2.2.  Development of SHM

To SHM, the accident of Aloha Airlines Flight 243 in 1988 is considered as a special event which
leads to the beginning of the intensive study on the structural condition and integrity monitoring as
complement of conventional structure maintenance and damage detection strategy. A part of the
fuselage was tore off due to a hole opened up in the fuselage during the flight, and the Aloha flight 243
with the missing section is shown in Fig. 2-14. The hole initiated at the mechanical fastening lap joint
in fuselage, although the poor maintenance and harsh service environment (frequent and short distance
flight, corrosive environment) contributed to the accident, it was caused by the phenomena termed

“multisite damage” or “wide spread fatigue damage” which was failed to be predicted and inspected.
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For this accident, the engineers realized that the conventional maintenance method designed based on
the knowledge of materials, loading conditions and damage behaviors cannot guarantee the structural
integrity in circumstance such as the insufficient knowledge, unexpected loading and environmental
conditions, or operational false. In the past thirty years the increase in the number of studies regarding
SHM and damage detection techniques has been significant, and the transition of SHM as a research
topic to practical application has been carried out in various structural systems.

Fig. 2-14. Aloha Airlines Flight 243%

In this section, the developments in SHM technology are summarized in three distinct application
areas. More detailed information can be found in references.

a) Rotating machinery applications

The application in rotating machinery is considered one of the most successful applications for SHM.
The periodically dynamic measurement of acceleration and displacement is carried out to monitor the
structural and mechanical condition and aid in the assessment of the structure performance. The
commercialization of SHM process from data measurement to data analysis has been successful, and
the reasons can be considered as the relatively simple and stable service conditions including the
loading and environmental conditions, the well-understand damage behavior and the efficient and cost
effective sensing techniques.

b) Offshore oil platforms

During the 1970s and 1980s the considerable efforts were made by oil industry to develop
vibration-based damage detection methods for offshore platforms. This damage detection problem is
very different from the rotating machinery because the damage location is unknown and the most areas
of the structure are not readily accessible for measurement. For the SHM application, many practical
problems were encountered such as measurement difficulties caused by platform machine noise,
instrumentation difficulties in hostile environments, changing mass caused by marine growth and
varying fluid storage levels.
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c) Aerospace structures

The aerospace community paid attention on the damage detection technology during the late 1970s
and early 1980s for a variety of civilian and defense applications. One of the most notable SHM
systems that have made the transition from research to practice is the space shuttle modal inspection
system (SMIS) program. It has been successfully used to locate the damaged components covered by
the thermal protection system and all orbiter vehicles have been periodically subjected to SMIS testing
since 1987%. Since the mid-1990s, studies of damage detection for composite materials have been
increasing for the development of a composite fuel tank for a reusable launch vehicle as well as the
increasing use of composite materials in all types of commercial and military aircraft™.

2.2.3.  SHM techniques for adhesive-bonded joints

The SHM seems very promising in solving the two typical concerns of adhesive-boned joints
application, the initial joint strength and long-term joint integrity. The long-term monitoring since the
manufacturing offered by SHM can improve the joint safety and reduce the high maintenance cost
induced by over inspection. However, the complete SHM strategy for adhesive-bonded joints hasn’t
been reported.

As mentioned, the NDI techniques have been well developed for damage detection of
adhesive-bonded joints. They usually employ portable sensors in offline inspection and are good at
damage measurement and characterization. However, the NDI techniques can hardly be used directly
for SHM for the requirements such as the sensor should be permanently installed on the joint, the
dynamic measurement of the damage indicator should be carried out and the damage detection and
report based on the automatic data analysis should be achieved. In this section, some particular studies
on SHM techniques for adhesive-bonded joints were introduced, and the specific goals and objectives
of this study are presented.

Backface strain (BFS) method using strain gauges

In Shenoy’s study®, two strain gauges were bonded on surface of adhesive-bonded single-lap joint for
dynamic measurement during the fatigue load test. In the test, the crack initiated and propagated in
adhesive layer and finally caused the failure of joint. The sensor arrangement is shown in Fig. 2-15.
The relation between the strain variation and the crack growth was built based on the measurement.
Thus by this relation, the crack can be evaluated through strain measurement.

This study introduced the BFS as the indicator of crack in bonding area, however, the sensor location
is far from the adhesive layer where the crack occurs and the crack-strain relation can be sensitive to
the joint geometry and environment. The strain inside the adhesive layer is considered to have more
significant response to the crack growth, but the strain gauge can hardly be embedded into the joint for
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measurement.
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More information about BFS method can be found in reference
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Fig. 2-15. Sensor arrangement in Shenoy’s study.
Optical fiber sensor (OFS)

The OFS is a very promising sensing technique for SHM. It can be used to measure various
parameters especially strain and temperature, and it possesses many unique features such as small size
and flexibility, distributed measurement, EMI immunity and so on. More information about OFS will
be introduced in Chapter 3. Many reports have demonstrated the embedment of OFS into composite
materials, adhesive-boned joints and repairs for measurement®***’. The embedded measurement of
OFS has been provided feasible. Some studies on the adhesive-bonded joints are discussed here.

In J. Palaniappan et al.’s study®, chirped FBG (CFBG) sensors were embedded into composite
adherends of adhesive-bonded single-lap joints located 0.5 mm from the adhesive bondline as shown
in Fig. 2-16. During fatigue load tests, the CFBG sensors were used to detect the disbond at
adhesive/adherend interface. Considering difficulties of using the CFBG sensor for non-homogeneous
strain distribution measurement, C. Schizas et al. employed the quasi-continuous FBG sensors in their
study®. Five FBG sensors were embedded between second and third layer of a composite adherend of
an adhesive-bonded single-lap joint with pre-crack as shown in Fig. 2-17. The strain variation on five
FBG sensors was recorded throughout the quasi-static monotonic test to evaluate the crack
propagation. Their study showed the strain distribution in joint overlap direction can be a better
indicator for crack in bonding area than the strain at a particular location. However, the detection
accuracy in their study was not enough to describe crack behavior in detail due to the low spatial
resolution of the sensing technique.

H. lgawa and H. Murayama et al. have demonstrated a sensing system using the long length FBG
sensor based on optical frequency domain reflectometry (OFDR) which can provide strain distribution
measurement with high spatial resolution®’. Later, H. Murayama et al. embedded a 100 mm-length
FBG into the bonding area of an adhesive-bonded single-lap joint (Fig. 2-18) and measured
longitudinal strain distribution in the whole overlap area with spatial resolution less than 1 mm in
static load test*:. The measurement was confirmed by finite element analysis (FEA), and the
agreement was good as shown in Fig. 2-19. Although the damage detection was not included in their
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study, this distributed sensing system is considered ideal for high accuracy crack detection and
monitoring.
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Fig. 2-16. Sensor embedment in J. Palaniappan et al.’s study.
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Fig. 2-18. Sensor embedment in H. Murayama et al.’s study.
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Fig. 2-19. Comparison of strain distribution obtained by measurement with FEA

2.2.4. Summary

The SHM techniques have been developed for decades, the solution has been brought by modern
sensing techniques such as OFS for the inspection/sensing tasks which can hard be completed by
conventional techniques.

About the SHM techniques for adhesive-bonded joints, the strain distribution in adhesive layer along
overlap length direction can be a good indicator for the crack initiates in bonding area and propagates
along the overlap length direction of adhesive-bonded joint. In order to measure this parameter, two
requirements should be met: the sensor should be embedded into adhesive layer or adhesive/adherend
interface for measurement, the sensing system should be capable of dynamic measurement of strain
distribution. The distributed sensing system based on OFDR using long length FBG is considered
qualified for this task, it can provide distributed strain measurement with high spatial resolution and
the FBG sensor can be embedded into adhesive layer for measurement. However, the system used in
reference 36 was designed for static measurement, the development should be made to enable the
dynamic measurement. The embedment method of FBG for SHM should also be considered. The new
system needs to be test in both static and dynamic loading and crack detection method based on the
measurement should be developed.

The objectives of this study is to develop a dynamic distributed OFS sensing system, measure the
longitudinal strain distribution by the embedded OFS and propose the target damage detection method

based on measurement.
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Chapter 3

Optical fiber sensing system

An optical fiber sensor (OFS) is a sensor that uses optical fiber either as the sensing element or as the
signal transmission device in a sensing system. The OFS can be generally grouped into two basic
classes referred to as extrinsic, or hybrid, sensors and intrinsic, or all-fiber, sensor. In the case of
extrinsic OFS, an optical fiber leads up to a “black box™” that impresses information onto the light
beam in response to an environmental effect. The information could be impressed in terms of intensity,
phase, frequency, polarization, spectral content, or other methods. An optical fiber then carries the
light with the environmentally impressed information back to an optical and/or electronic processor. In
some cases the input optical fiber also acts as the output fiber.

In the case of intrinsic OFS, an optical fiber is used to carry the light beam, and the environmental
effect impresses information onto the light beam while it is in the fiber. Each of these classes of fibers
in turn has many subclasses with, in some cases, sub-subclasses that consist of large numbers of fiber
sensors. Comparing with the conventional sensors based on mechanical or electrical transducers, the
OFS possesses many unique advantages and is promising for SHM system.

In this chapter, the optical fiber sensor and sensing system will be introduced in aspects of basic
principle, advantages and measurands, distributed sensing technique. The OFS sensing technique
involved in this study will be introduced in aspects of sensor type, sensing system principle and
development process of dynamic distribution sensing system.
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3.1 Optical fiber sensor

3.1.1.  Optical fiber

An optical fiber is a flexible fiber that can function as a waveguide or “light pipe” to transmit light
between the two ends of the fiber. It is usually made of silica glass and slightly thicker than a human
hair. As shown in Fig. 3-1, a typical optical fiber consists of a silica glass core with higher refractive
index, a cladding with lower refractive index and a coating layer.

When the light is injected into the optical fiber core at the incident angle within the acceptance angle
range, the light will propagate in the core by total refraction between core and cladding as shown in
Fig. 3-2. This can be described by Snell’s law’ of reflection as shown below.

nq{sing, = nysing, Eq. 3-1

Where n, and n, are the refractive indices of medium 1 and 2, ¢, and ¢, are the angles of
incident and refracted rays respectively. The total refraction can be described as below.

n
sing, > sing, = n—2 Eg. 3-2
1

where ¢, is the critical angle.

In the fiber core, the light propagates as an electromagnetic wave along the fiber. The two components,
the electric field and the magnetic field form patterns across the fiber. These patterns are called modes
of transmission. Modes means methods - hence methods of transmission®. An optic fiber that carries
more than one mode is called a multimode fiber. In a given piece of fiber, there are only a set number
of possible modes. This is because each mode is a pattern of electric and magnetic fields having a
physical size. The dimensions of the core determine how many modes or patterns can exist in the core
- the larger the core, the more modes.

Coating Core

—

Cladding

Fig. 3-1. Configuration of optical fiber
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Three basic optical fibers are shown in Fig. 3-3: (a) single-mode step-index fiber, (b) multimode
step-index fiber and (c) multimode graded-index fiber. The single-mode fibers propagate only one
light mode at one time while the multimode fiber can propagate hundreds of light modes. The
refractive index in the core of the graded-index fiber varies depending on the distance from the fiber
axis, while the core in step-index fiber possesses the same refractive index throughout the fiber. The
optical fiber used as OFS is mainly the single-mode.

Total
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Fig. 3-2. Reflection and refraction of light
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Fig. 3-3. Light transmission modes in optical fiber

3.1.2.  Advantages and measrands of OFS

Comparing with the conventional mechanic-electric sensor, the OFSs have various advantages, and the
typical ones are shown below.

a) Light weight and thin diameter
b) Flexibility
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c) Immunity to electromagnetic interference
d) High sensitivity

e) Anti-explosion

f)  High strength, durability and anti-corrosion
g) Multiplexing capabilities

These features are useful in practical applications. The smaller and lighter sensor induces lower
influence on the mechanical condition of the object structure. The OFSs can be used in the corrosive,
explosive or electromagnetic environment. And for the multiplexing capabilities, the quasi-distributed
or distributed measurement can be achieved by using one OFS instead of a number of point sensors
and the complex wiring work®. Thus the OFS is considered as the more efficient and effective sensing
technique, and has been used to measure various parameters® including: strain, temperature,
pressure/acoustic, current/voltage, chemical/gas, rotation, vibration/acceleration, bending/torsion,
displacement, and etc. Fig. 3-4 shows the distribution of papers presented at the 15th Optical Fiber
Sensors Conference according to measurands of interest. The most intensively investigated
measurands are the strain and temperature. Fig. 3-5 shows the OFS techniques discussed in papers
presented at OFS-15. The fiber grating sensors are absolutely the most widely studied topic.

Bio 2.4 ?'En_|
Displacement 3.3 %—\ |

Bending/ Torsion 3.7% Strain

Vibration/ Acceleration
5.5%

Rotation 6.2%

Chemical/Gas
11.3%

/ Temperature
17.2%

Current/Voltage

12.2%
Pressure/ Acoustic

15.2%

Fig. 3-4. Distribution of papers according to measurands
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Fig. 3-5. Distribution of papers according to techniques

3.1.3.  Distributed measurement using OFS

For the excellent transmission capabilities of the optical fiber, the distance between the sensing system
and the measuring point can be of many kilometers. And because of the multiplexing capabilities, a
number of measuring points can be multiplexed along a single optical fiber, and full distributed
measurements with high spatial resolution can be achieved.

According to the spatial distribution of the measurand, the OFS sensing techniques can be classified as
(Fig. 3-6)°,

a) Point sensing, the measurement is carried out at discrete points accessed by different channels. It
means that each sensor provides measurement at one point.

b) Integrated sensing, the measurement of an area along a portion of optical fiber, and the result is
the integrated value, which is usually the average value.

¢) Quasi-distributed sensing, measurement of the object variable at discrete points of space situated
in an area along a portion of an optical fiber.

d) Distributed sensing, the measurement that allows the determination of the value of the object
variable in a continuous way at each point of space with a given spatial resolution in an area along
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a portion of an optical fiber.

For SHM on a large-scale structure, the capability of distributed sensing of OFS is of great importance
when the damage location is difficult to predict and a large area needs to be monitored. The number of
sensor and the installation and wiring work of the whole system can be reduced and simplified. For a
relatively small-scale structure with complex variable such as a joint, the OFS can provide the
measurement of variable profile with high spatial resolution. In decades, the OFS sensing technique

has been developed continuously for the higher spatial resolution, some representative examples are
given in™.

Coupler

Sensor
Laser =
- =
source }“
Detector (a) Point sensing
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¢) Quasi-distributed sensing "
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.

(d) Distributed sensing Position

Fig. 3-6. Classification of OFS sensing technique

3.1.4. Distributed OFS sensing techniques

In order to determine the proper OFS technique for this study, the OFS techniques have been studied.
Since there are already many good reviews about this topic, in this section, some advanced OFS

techniques which can provide distributed strain measurement with high spatial resolution are
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introduced.
Brillouin optical time domain reflectometry (BOTDR)

Stimulated Brillouin scattering has been regarded as a useful sensing mechanism for distributed
temperature or strain measurement in civil structures and materials, since the Brillouin frequency shift
has a linear dependence on both strain and temperature. As one of the recent developments, a
prototype double-pulse BOTDR (DP-BOTDR) has been developed by Y. Sakairi, et al."® The system
was confirmed to be capable of measuring distributed Brillouin frequency shift, i.e., the strain and
temperature distribution with spatial resolution of 20 cm and accuracy of 1 MHz, i.e.220 micro strain.
The schematic diagram and photo of DP-BOTDR system are shown in Fig. 3-7. It consists of pulse
signal generator, high-speed sampling A/D converter and other electric components are embedded in
the PXI platform, which manages synchronous control and operation. Optical signals are processed in
an optical unit.
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Fig. 3-7. The schematic diagram and photo of DP-BOTDR system
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Brillouin optical correlation domain analysis (BOCDA)

Among sensing techniques using Brillouin scattering, a correlation-based Brillouin sensing system,
called Brillouin optical correlation domain analysis (BOCDA), has been proposed and developed for
the past few years''**>. The system is based on the interaction of frequency-modulated continuous
waves for both probe and pump waves. The BOCDA shows unique features of random accessibility of
measurement position, high spatial resolution (1 cm), and high speed (~57 Hz). Fig. 3-8 (a) shows a
schematic of the BOCDA system.

In 2006, a BOCDA system with spatial resolution of less than 1.6 mm was used to demonstrate
distributed strain measurements by K. Y. Song, et al."* In the report, as shown in Fig. 3-8 (b), they
simplified the system by introducing a novel beat lock-in detection where choppers are applied two
times to both pump and probe waves at different frequencies, and only one lock-in amplifier is used at
the beat frequency of them.

BOCDA scheme | Beat lock-in detection scheme |
Pump
lnnn = <
Correlation H /
peaks __.  Pprobe pump
it (chopped @ ;) (chopped @ f)

L [Fowrapa |
1111, I —
probe pump

@ (reflection)

Lock-in amp. @ f,-f,
(4v swepf)

lm {} None

probe pump
(with gain) (reflection)

(a) (b)

Fig. 3-8. (a) Operation scheme of the BOCDA system, (b) Schematic of beat lock-in detection

Frequency
modulation ~ f

Rayleigh scatter based sensing techniques

In 1998, M. Froggatt and J. Moore introduced a method that uses a tunable external cavity diode laser
to measure the reflected intensity of a reflector—fiber system as a function of wavelength®. The cross
correlation of the Rayleigh scatter spectra from a selected section of fiber in the strained and
unstrained states was used to determine the spectral shift resulting from the applied strain for strain
calculation. Using this method, they demonstrated the measurement for strains of less than 60 micro
strain in laboratory environment, and measurement accuracy of 5 micro strain over 30 cm was
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achieved.

In 2006, the sensing technique using Rayleigh was improved by S. T. Kreger, et al.'® They used swept
wavelength interferometry (SWI) to measure the Rayleigh backscatter as a function of length in
standard telecom-grade single mode and gradient index multimode fibers. By their method, the spatial
resolution of strain measurement was improved to millimeter range over tens of meters of fiber, and
accuracy was improved to better than 1 micro strain.

Optical frequency domain reflectometry (OFDR)

OFDR is a tunable laser-based frequency domain technique that has several distinct advantages over
time domain and low coherence techniques'’*®. Specifically, OFDR has advantages in that it is capable
of sub-millimeter resolution measurements over multiple tens of meters of optical length with high
sensitivity and dynamic range. The technique has been employed in sensing systems using FBG sensor
and Rayleigh-scatter based sensor'® to achieve high measurement spatial resolution. As the sensing
technique used in this study, the OFDR will be introduced in detail later.

Discussion

There are many OFSs associated with many sensing systems capable for distributed strain
measurement with spatial resolution of millimeter range, they all have advantages and limitations, it is
difficult to say which one is the best. But the proper technique for this study can be determined, which
is long length FBG associated with sensing system based on OFDR. Comparing with the scatter based
OFS, the FBG can provide strong and stable signal, which litter affected by perturbation of system
especially the laser source, this is important for long-period measurement. OFDR method enables the
FBG for strain measurement with high spatial resolution. The whole system will be introduced in
detail in next section.

3.2. OFS sensing technique used in this study

The distributed sensing system based on OFDR using FBG sensor was employed in this study.
However, the SHM of adhesive-bonded joints requires dynamic measurement and the sensing system
used in previous studies was designed for static measurement. Thus a new sensing system based on
OFDR which is capable of dynamic measurement was designed and developed. The principle of the
two systems are the same, the improvements were made mainly on the critical devices. In this section,
firstly, the basic principle of FBG was introduced, then the principle of sensing system based on
OFDR was explained using the previous system as example, and finally the new system was
introduced.
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3.2.1.  Fiber Bragg grating

Fiber Bragg grating (FBG) is an intrinsic device with periodic perturbation of refractive index in the
core of an optical fiber. In recent years, several fabrication methods of FBG have been developed. In
1978, in Hill et al.’s study®, the formation method of reflective-index gratings in an optical fiber by
launching intense Argon-ion laser radiation into a germanosilicate fiber was reported. In 1989, the

gratings in an optical fiber were fabricated by Meltz et al.**

using the transverse holographic method.
When the spectrally broadband light is injected into the FBG, the narrowband component will be
reflected by the gratings as shown in Fig. 3-9. The wavelength of the component, which is called Bragg

wavelength, is given by
/13 = Zneff/l Eqg. 3-3

where A is the grating period, and n.s is the effective refractive index of fiber core. The FBG is
usually used as a filter device in fiber-optic communication system.

Incident light Transmitted light

Strain and temperature

A\ J

Fig. 3-9. Configuration and principle of FBG

When the external perturbation such as strain or temperature was applied on FBG, the shift of Bragg
wavelength can be observed in reflected spectrum. And by analyzing the wavelength shift, the strain or
temperature variation can be evaluated. Thus the FBG can be used as a strain and temperature sensor.
The Bragg wavelength shift Alz caused by strain and temperature change can be expressed by?,
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dn
n’ aT
Ay = 2nA 1—7[az—v(a1+P12)] Az+|a+== = AT Eq. 3-4

where Ae and AT are the strain and temperature change, P;; are the Pockel’s (piezo) coefficients of

the stress-optic tensor, v is the Poisson’s ratio, and a is the coefficient of thermal expansion (CTE)
2

of the fiber material. The factor {("7) [Pi, — v(Py; + Pi3)]} has a numerical value of 0.22

approximately. Thus when the temperature is constant, the measured strain response can be expressed

by

1

B

=0.78x10"° us™ Eq.3-5

This responsivity gives a “rule-of-thumb” measure of the grating shift with strain of 1 nm per 1000 um
at 1.3 m. For silica fibers, the thermal response is dominated by the dn/dT effect, which contributes
about 95% to the observed shift. The normalized thermal responsivity at constant strain is given by

1 o 6 op~-i
= %e _667x10° °C Eq. 3-6
ST q

B

Because both strain and temperature change contribute to the wavelength shift and it is difficult to
distinguish the response component in reflected spectrum, another FBG is usually employed as
reference in practical measurement.

The FBG sensor has been intensively studied and applied widely for SHM. One of the reasons is that,
the FBG sensor with multiple gratings in a single optical fiber is suitable for quasi-distributed and
distributed measurement. Wavelength division multiplexing (WDM) and time division multiplexing
(TDM) are two sensing techniques widely used for achieving quasi-distributed measurement using
FBG. Generally the multiplexed sensor number is around 20 by WDM technique, and the number can
reach about 100 by TDM technique.

As mentioned in Chapter 2, recently, the distributed sensing technique based on optical frequency
domain reflectometry (OFDR) using long length FBG sensor was developed. The distributed strain
measurement with spatial resolution less than 1 mm has been successfully demonstrated by this system.
The distributed sensing system based on OFDR using 100 mm FBG sensor was employed in this study
for the high spatial resolution and reliable measurement.
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3.2.2.  Principle of distributed sensing system based on OFDR

The arrangement of previous sensing system based on OFDR using long length FBG sensor is shown
in Fig. 3-10. The layout of this system is similar to the one reported by B. A. Childers et al®. It consists
of a wavelength tunable laser source (TLS), a computer, an A/D convertor and an interferometer
including three broadband reflectors (R1, R2, R3), two photodiode detectors (D1, D2) and three 3 dB
couplers (C1, C2, C3).

Tunable Laser D1 Interferometer

Source (TL.S)

GPIB ﬁ

PC

i}

A/D Converter

Fig. 3-10. Arrangement of sensing system based on OFDR (for static measurement)

During the measurement, the TLS sweeps the wavelength 4 of the incident light, which is then
diverged by C1 and proceeds into C2 and C3. The interference signal of reflected light from R3 and
from each grating on FBG is observed by D2. The interference signal D, can be expressed by

D, = Z R, (k) cos(2n, LK) Eq. 3-7

where k is the wavenumber of the incident light which is defined by k = 2m/A, R;(k) is the reflected
spectrum from i-th grating on FBG, L; is the distance between R3 and the i-th grating.

The information of grating location on FBG is included in the frequency component of signal D,.
Thus, by applying digital signal analysis techniques, such as fast Fourier transform (FFT), the
reflected spectrum from each grating in the FBG can be separated. In order for this, an external
interferometer is needed because signal D, should be acquired at the constant wavenumber interval.
In this system, the interferometer consists of D1, C2, R1 and R2 is used as the external interferometer.
In the similar manner, the interference signal D; observed by D1 is given by

D, = cos(2n,¢sLgk) Eq. 3-8
where Ly is the distance between the reflectors R1 and R2. Fig. 3-11 shows an example of signal D,

when the TLS tunes from 1550 nm. From the figure, it can be seen that as the TLS tunes, the signal
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D, varies in a cycle depending on the wavenumber interval Ak, which can be expressed by

y T
K = Eg. 3-9
NesrLg q

3
é \

li

4053666.44 4053666.94 405366744 4053667.94

Wavenumber[m-1]

Fig. 3-11. Signal D, when the TLS tunes from 1550 nm

3.2.3.  Signal processing

After acquisition, the signal D, is transmitted to computer for recording and signal processing based
on short-time Fourier transform (STFT). In signal processing, a sliding window function is used to
extract a portion of the D, signal (Fig. 3-12) in a wavenumber range for applying fast Fourier
transform (FFT) to calculate the amplitude distribution along the frequency (position) direction. Then
the window slides with prescribed distance for the same process until the whole wavenumber range is
covered. In this way, the reflected spectrum at an arbitrary position on FBG can be obtained and a
spectrogram contains the reflected spectrum at each position on FBG can be drawn. An example of the
spectrogram is shown in Fig. 3-13, the horizontal and vertical axis indicates the wavelength and
position on FBG, respectively, and the color indicates the amplitude.

For this signal processing method, the readout resolution of wavelength A4 and position Ad can be

expressed by equations
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27{ 1 _1} Eq. 3-10

Eq. 3-11

where N,, is the window length, N, is the overlap number, Nz is the length of FFT, A, and A,
are the start and end wavelength of the wavelength swept by TLS during measurement, respectively.
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Fig. 3-12. Method of applying FFT to the signal
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Fig. 3-13. Spectrogram obtained by Fourier transform analysis
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3.2.4. Bragg wavelength determination methods and spatial resolution

By using the distributed sensing system based on OFDR, the reflected spectrum from each position on
FBG can be obtained. The next step is to determine the Bragg wavelength (center wavelength) of the
spectra and compare it with the initial Bragg wavelength so that the wavelength shift can be measured.
Several determination methods have been developed®, and the full width at half maximum (FWHM)
method and the centroid method are employed in this study.

The FWHM method is explained in Fig. 3-14. The center wavelength is defined as the wavelength
coordinate of the center of the full width in spectrum at half maximum.

The centroid method is shown in Fig. 3-15. The center wavelength is defined as the wavelength
coordinate of the centroid of the spectrum area. If the x axis indicates the wavelength and y axis
indicates the power, the center wavelength obtained by centroid method can be expressed by

dA
x:fAy

Eq. 3-12
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Fig. 3-14. FWHM method
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Fig. 3-15. Centroid method
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When the spectrum is regular with a single peak, there is no much difference between the center
wavelengths obtained by two methods. However, in the case when the spectrum is not regular and with
multiple peaks, which is very common due to the lateral load or sharply varying strain on FBG in
practical measurement, the two methods give different result as shown in Fig. 3-16.

In this study, the spatial resolution of the sensing system is defined as the response distance to the step
strain. The response distance is explained in Fig. 3-17, it is defined as the distance between the position
where the measured strain reaches 10% and 90% of applied strain. For the sensing system based on
OFDR, the spatial resolution depends on the window length. The better spatial resolution can be
achieved by the longer window length®. The center wavelength determination method can also affect
the spatial resolution. In this study, the FWHM method was proved to has better spatial resolution than
centroid method by simulation, this will be dicussed in detail in Section 3.3.3.
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Fig. 3-16. Center wavelength obtained by two methods in an irregular spectrum
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Fig. 3-17. Definition of response distance
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The conditions and requirements of the meausrement should be considered when choosing the center
wavelength determination method in practical measurement. The FWHM is more sensitive and can
provide measurement with better spatial resolution, but it is also sensitive to the environmental
disturbance such as variation of TLS power and false measurement may be obtained. The centroid
method is believed to be more stable, it can provide smooth measurement to the sharply varying strain
and has better resistence against environmental disturbance, which is considered important for
long-term dynamic measurement. Thus in this study, because the strain distribution in adhesive layer is
not uniform and concentrates at overlap ends, the centroid method was employed in dynamic
measurement for its stability, and the FWHM method was employed for evaluating the accuracy of
measurement for its high accuracy.

3.3. Distributed sensing system based on OFDR for dynamic measurement

There are two basic requiements for sensing system in this study, distributed sensing and dynamic
sensing capacity. Since the previous system was not designed for dynamic measurement and a
complete measurement will take 2 to 3 seconds, it cannot be used directly for the measurement with
stable and relatively high frequency. Therefore, a new sensing system is needed, which should be also
based on OFDR to achieve the distributed measurement with high spatial resolution and should be
capbale of dynamic measurement. This can be ahieved through the improvement on critical devices
and employing the similar arrangement as the previous system.

In this section, the distributed sensing system based on OFDR for dynamic measurement developed
and employed in this study is introduced in three aspects, system specification, development and
evaluation.

3.3.1.  Specifications of dynamic distributed sensing system

The specifications of a sensing system should be made based on the consideration of measurement
conditions and requirements such as the object measurands, measurement frequency (sampling rate)
and measurement accuracy. In this study, the specifications were made based on consideration of the
requirements of the dynamic measurement in dynamic load test on three parameters: sampling rate,
measurement range and spatial resolution. Usually, the specification should be determined in detail
considering the load conditions. In our case, the load conditions of dynamic load test were not
determined in advance, and some conditions needed to be determined according to the sensing system
capacities, thus the sensing system specifications and load conditions were determined at the same
time. Although the detailed load conditions were not determined, some basic concepts were decided:
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a) The specimen for test is an adhesive-boned joint of composite adherends.

b) The load should be cyclic sinusoidal load in tensile with the load ratio of 0.1.

c) The test should last until the specimen failure.

d) The test duration should be appropriate considering the data storage.

e) The crack should be controlled to initiate and propagate in bonding area in adhesive layer or at
adhesive/adherend interface at the appropriate propagation speed.

f) A microscope will be used to take photograph of crack to monitor the crack growth.

Pilot tests were also carried out to aid in the determination of system specifications and load
conditions.

1. Sampling rate

The process of determining the sampling rate is shown in Fig. 3-18. Because the FBG is sensitive to
temperature change, the relatively low load frequency was considered in order to avoid the heat
generated from the composite in test. In the pilot test, the load frequency of 0.5 Hz was found to be
convenient for microscope observation. Thus the load frequency for cyclic load test was determined as
0.5 Hz.

Low load frequency to avoid heat
generated from composite in test %

Load frequency for cyclic load test:
0.5Hz

Load frequency for microscope & %
observation of crack:

0.5Hz

Sampling rate:
5Hz

Sampling points in one load cycle: @
10

Fig. 3-18. Determination of specification on sampling rate

In each load cycle, the measurements at the maximum load and minimum load were considered
important for the joint condition monitoring. However, in real measurement, it is difficult to obtain
measurement at maximum/minimum load in each cycle because the sensing system does not
synchronize with the test machine completely. Although this problem can be solved by increasing the
sampling points in each cycle, this number is limited by sensing system capacity. Thus the appropriate
number of sampling points in one cycle should be determined. In this study, the number of sampling
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points in one load cycle was determined as 10. The largest possible difference between the real
measurement and measurement at maximum/minimum load is 5% of the measurement at
maximum/minimum load which was considered to be acceptable.

Thus, the sampling rate of dynamic sensing system was determined as 5 Hz.

2. Measurement range

The process of determining the measurement range is shown in Fig. 3-19. In the case of previous
sensing system, the recorded data file containing all information in one measurement is around 1 MB,
the data file size of dynamic sensing system was assumed to be the same because the same system
principle. The dynamic measurement will produce large number of data file, and the data storage and
analysis will be difficult if the data is too large. The total data file size of 500 GB was considered
appropriate, and considering the sampling points in one load cycle, the total number of load cycle was
determined as 50000. In order to achieve this, and considering the load frequency and load ratio, the
maximum load of cyclic load was determined to be in the range of 250 kgf to 400 kgf through pilot
tests. The crack length with respect to load cycle at different maximum load in pilot tests was shown in
Fig. 3-20. The maximum crack length was found to be 10 mm. Considering the maximum load and
maximum crack length, the FE analysis was carried out and the maximum longitudinal strain in
bonding area was found to be 2650 pe. Thus the measurement range was determined to be 0 to 3000
ue, and considering the Eq. 3-5, the wavelength sweep range of TLS in dynamic sensing system should
be wider than 10 nm.

Sampling points
in one load cycle:
10

One data file size: Total load cycle:
1 MB 50000
Pilot test
Expected total Load frequency: |::> Maximum load:
data file size: 0.5 Hz 250 —400 kgt %
500 GB
Load rati FEM
oad ratio:
o1 Maximum Measgremem
longitudinal strain: |:> range.
2650 me 0—3000 me
Pilot test 0
Maximum crack @ Wavelength sweep
length: range:
10 mm > 10 nm

Fig. 3-19. Determination of specification on measurement range
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Fig. 3-20. Crack length in pilot tests with different maximum load

3. Spatial resolution

The process of determining the spatial resolution is shown in Fig. 3-21. For the distributed
measurement in adhesive-bonded joint, the higher spatial resolution means the better description of the
non-uniform strain distribution which is important for condition assessment of the join. Considering
the maximum load, the FE analyses were carried out using the model meshed with various element
sizes along overlap length direction. The element size which can describe the strain distribution was
found to be 1 mm, thus the spatial resolution of dynamic distributed sensing system was determined as
1 mm. Because the spatial resolution of sensing system depends on the window length and by using
the previous system the measurement with spatial resolution of less than 1 mm had been achieved
when the window length was 400 pm, the window length of dynamic distributed sensing system was
determined as 400 pm or higher.

The dynamic distributed sensing system specifications and load conditions are summarized in Table
3-1.

e load: Element size describes the strain - -
axiriuim foad. |:> distribution on length direction: |:> Spatial resolution:

250 - 400kgf 1 mm 1 mm

Window length:
400 pm

Fig. 3-21. Determination of specification on spatial resolution
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Table 3-1. Dynamic distributed sensing system specifications and load conditions for cyclic load test

Cyclic load test conditions

Sensing system specifications

Load frequency 0.5Hz

Wave form sinusoidal
Maximum load 250 — 400 kgf
Load ratio 0.1

Sampling rate >5Hz
Wavelength sweep range > 10 nm
Window length 400 pm

3.3.2.  Development of dynamic distributed sensing system

The dynamic distributed sensing system based on OFDR was manufactured by Lazoc Inc. according
to the specifications (Fig. 3-22). The arrangement is shown in Fig. 3-23, improvements were made on
devices in blue border. The TLS was customized based on TSL-510 (Santec Corporation) to improve
the wavelength swept speed, the high speed A/D converter board (APX-500/ADM-414EX, Avaldata
Corporation) and the high speed storage board (APX-880, Avaldata Corporation) were employed to
increase the data transmission and record speed. The brief comparison of the devices with the previous

system is shown in Table 3-2.

TLS

Interferometer

Computer

Fig. 3-22. Dynamic distributed sensing system
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D1 Interferometer
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speed storage
board

i)

High speed
A/D Converter

Fig. 3-23. Arrangement of sensing system based on OFDR (for dynamic measurement)

During the dynamic measurement, the TLS sweeps wavelength at the prescribed rate and range. In
each wavelength sweeping cycle, the A/D convertor samples the signal D, in data acquisition
wavelength range and transmit it to computer for real-time analysis and record. All the process is
completed before the next measurement cycle. The measurement can be reproduced at any time by
processing the recorded D, signal using the same method as the real-time signal processing. The
results discussed in this thesis were based on the post-test data processing.

Table 3-2. Device comparison between two systems

Sensing system based on For static measurement For dynamic measurement

OFDR

TLS AQ4321A (Ando Electric Co., TSL-510 (Santec corporation)
Ltd)

Wavelength sweep speed 100 nm/s > 1000 nm/s

(max)

AJ/D converter PCI-6115 (National Instruments ~ APX-500 /ADM-414EX (Avaldata
corporation) corporation)

Sampling rate 10 MHz 400 MHz

Storage board on PC APX-880 (Avaldata corporation)

Storage speed 17000 MB/s

3.3.3.  Evaluation of dynamic distributed sensing system

Evaluation was carried out on two important parameters of developed sensing system, sampling rate
and spatial resolution. The sampling rate of system was evaluated by cyclic load test which will be
introduced in chapter 4 in detail. The spatial resolution evaluation is carried out by system simulation
and introduced in this section.

According to the difination, the step strain load should be applied to FBG to check the spatial
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resolution of the sensing system. But in real condition, the step strain is very difficult to achieve, thus
the simulation of the system was carried out for the evaluation of the spatial resolution. The detailed
information of simulation method can be found in.

In simulation, the 100 mm long FBG with Bragg wavelength of 1550 nm is at position of 5.000 m to
5.100 m. 1000 micro strain was applied on FBG at position of 5.000 m to 5.051 m. Other parameters
used in simulation are shown in Table 3-3, where Lgs is the distance between D2 and R3, and L. is
the distance between the beginning of FBG and R3. The simulated spectrograms are shown in Fig. 3-24.
Then the simulated D, data was analyzed by FWHM and centroid method to calculate the center
wavelength distribution. The window length of 400 pm and 800 pm were used for calculation and
other settings are shown in

Table 3-4.

Table 3-3. Simulation parameters

Parameter Value
Lgr (M) 20

n 1.46
Lrs (M) 1
Lg(m) 5

TLS sweep range (nm) 1546 - 1554

Table 3-4. Center wavelength distribution calculation settings

Setting Value
Wavelength resolution (pm) 20
Readout position resolution (mm) 0.15
Window length (pm) 400/800
Window type Hanning

As the result, the center wavelength distribution results are shown in Fig. 3-25 and Fig. 3-26. The spatial
resolutions calculated by two methods at two window lengths are summarized in Table 3-5. From the
result, the centroid method showed worse spatial resolution comparing with the FWHM method in
both window lengths of 400 and 800 pm. And when using the same center wavelength determination
method, spatial resolution can be improved by increasing window length. The best spatial resolution
showed in evaluation was 0.61 mm achieved by using FWHM method and 800 pm window length.
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Fig. 3-24. Simulated spectrograms using window length of 400 pm and 800 pm
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Fig. 3-25. Response center wavelength distribution to step load using window length of 400 pm
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Fig. 3-26. Response center wavelength distribution to step load using window length of 800 pm
Table 3-5. Spatial resolution of two methods using different window length
Window length (pm) Centroid FWHM
400 2.90 0.92
800 1.53 0.61
3.4. Summary

The long length FBG associated with distributed sensing system based on OFDR can achieve
measurement with high spatial resolution of less than 1 mm, which is suitable for high precision strain
measurement and damage detection in adhesive-bonded joint when joint overlap length is relatively
short. Thus this sensing technique was employed in this study. In order to carry out dynamic
measurement to achieve real-time strain measurement and damage detection of joint in service, the
dynamic distributed sensing system was designed and developed based on the cyclic test conditions.
The spatial resolution of developed system was proved to be less than 1 mm as the specification.
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Chapter 4

Dynamic strain distribution measurement

In this study, we focus on the crack occurs in adhesive-bonded joint in adhesive layer or at the
adhesive/adherend interface. The stain distribution in overlap length direction is considered as the
damage indicator, through the monitoring of which the crack should be evaluated. For this purpose, the
measurement of the damage indicator is an important process, works including the sensing system
development, sensor installation, data acquisition and data storage need to be considered to achieve the
reliable measurement.

The development of sensing system used in this study has been introduced in the previous chapter. The
FBG sensor employed by the system is specialized at measuring strain along its longitudinal strain.
Considering the direction of damage indicator — strain distribution, the FBG should be aligned in the
overlap length direction for measurement. From the analysis of previous studies on SHM techniques
of adhesive-bonded joints, the strain distribution near the damage location is highly desired, which
means the FBG needs to be embedded into the joint in adhesive layer or at the adhesive/adherend
interface. Considering the features of OFS, the embedded measurement is feasible, but there was no
good demonstration in previous studies.

In study field of composite material and structure, S. Takeda et al. embedded an FBG sensor into
carbon fiber reinforced plastic laminates to detect delamination in CFRP cross-ply laminates'. The
embedment was evaluated by microscope inspection, and the reflected spectra were confirmed by
theoretical calculation. Other studies using the similar embedment method can be found®*. It seems
that composite material is an ideal host for OFS embedment, and considering the increasing
application of adhesive-bonded in composite structures, the adhesive-bonded joint made of composite
is used and the FBG is embedded into the composite component for measurement in this study.
Besides the sensor embedment other issues need to be considered such as the temperature
compensation, sensor protection, dynamic data acquisition and storage, management of huge data.
This chapter introduces the process of the damage indicator measurement in aspects of specimen
manufacturing, FE model, static load test, cyclic load test, results and problems and future works.
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4.1. Specimen manufacturing

4.1.1.  Specimen design

As mentioned in chapter 2, there are various joint forms of adhesive-bonded joint, it is difficult to
discuss all the joint forms. The single-lap joint is chosen as the study object for its simple geometry,
and if the SHM method is successfully developed, it can also be used on other joint forms through
proper modification.

The adhesive-bonded single-lap joint specimen was designed based on ISO 4587:1995. This standard
is usually used for the determination of tensile lap-shear strength of bonded assemblies using an
adhesive-bonded single-lap joint. In this study, only the configuration of the joint was referred. The
specimen configuration is shown in Fig. 4-1. The two adherends made of unidirectional carbon fiber
reinforced plastic (CFRP) were adhered by the film adhesives to form a single-lap joint. Each CFRP
adherend is made of 10 pieces of prepregs, and the thickness is about 1.5 mm. The fiber direction of
CFRP was aligned with the overlap length direction (z). The overlap length and thickness of the
adhesive layer are 25.0 mm and 0.2 mm respectively. The adhesive film contains support structure of
non-woven polyester mat.

0.0 50.0 25.0

= . 'T ______________
& : = Z
X
%
. ~ FBG
= b=
x | | | |
| T |
0 i 7
Region A Region B i Region C
0 35

Fig. 4-1. Joint specimen configuration

The polyimide coated FBG sensor, whose length and diameter are about 95 mm and 150 um, was
designed to be embedded into the surface of one of the CFRP adherends in the center in width along
the fiber direction. The portion of FBG in region B shown in the figure is completely embedded, while
the portion in region A and C were free for temperature compensation in measurement. The product
information of adherend, adhesive and FBG can be found in Table 4-1.

61



Chapter 4 Dynamic strain distribution measurement

Table 4-1. Product information of specimen components

Material Product name Manufacturer
Adherend Carbon Fiber Q-AlllE Toho Tenax Co., Ltd
Reinforced Plastic
(CFRP)
Adhesive Film adhesive Newport 102 Newport Adhesive and

Composites, Inc

Sensor FBG Fujikura Ltd

4.1.2.  Adherend curing and FBG embedment

The FBG sensor has been embedded into the adhesive-bonded joint for strain measurement in
Schizas’s study and Murayama’s study. However, the embedment was not perfect. In Schizas’s study,
the FBG was embedded between the second and third layer in composite adherend, not the
adhesive/adherend interface where the strain is considered to show better response to the crack. In
Murayama’s study, the FBG was embedded in the groove on surface of adherends, the position of FBG
and the bonding quality between FBG and adherend were difficult to control.

In this study, we aim to improve the FBG embedment. There are basically four goals for the
embedment.

The FBG should be embedded into the adhesive/adherend interface.
The embed position of FBG can be controlled.

c. The embedment should have no significant influence on strength of host structure or FBG
function.

d. The host structure should provide protection for embedded FBG during measurement.

The FBG embedment procedure in this study consists of two steps as shown in Fig. 4-2. In order to
embed the FBG into the adhesive/adherend interface, the FBG was designed to be embedded into the
surface of CFRP adherend during the CFRP curing. Then the CFRP adherend with embedded FBG
will be adhered to form a single-lap joint, and the FBG will be embedded into the interface
consequently. The CFRP curing process and FBG embedment are introduced in this section.

62



Chapter 4 Dynamic strain distribution measurement

Adherend &

adhesive FBG sensor
N .-
. Be buried in prepregs and
Step 1 CFRPr‘;“r:ggs from embedded in CFRP
prepreg y adherend after curing
~
Step 2 Joint bonding
J

Fig. 4-2. FBG embedment steps

The CFRP curing setup is shown in Fig. 4-3. The dimensions of curing jig are shown in Fig.XX. The
FBG fiber was slightly stretched and adhered to the center at bottom of curing jig by adhesive tapes
(Fig. 4-5), the portion with gratings was aligned at the designed position. Ten pieces of CFRP prepregs
were stacked as [0,,] and put upon the FBG (Fig. 4-6). The white cubes at two ends of prepregs were
made of silicon rubber, which were used to stop the leaked epoxy resin from prepregs during curing.
In region C, the release film (PTFE) were inserted between the FBG and prepregs to prevent this
portion from being embeded, consequently the embed length was controlled.

Optical fiber CFRP prepregs Release film

Curing jig

Region A Region B Region C

Fig. 4-3. CFRP curing setup
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Fig. 4-4. Dimensions of curing jig (unit: mm)

Fig. 4-5. The FBG fixed in the bottom curing jig

Fig. 4-6. The stacked CFRP prepregs upon the FBG in curing jig
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The properties of CFRP prepregs are shown in Table 4-2. The CFRP curing conditions are shown in Fig.
4-7. The curing was carried out on mini test press machine (Toyoseiki seisaku-sho, Ltd.) (Fig. 4-8).

In order to test the embedment procedure, an optical fiber was embedded as dummy sensor. The CFRP
adherend with embedded optical fiber after curing was shown in Fig. 4-9. The optical fiber was firmly
embedded into CFRP plate in region B, and was embed free in region A and C. As shown in Fig. 4-10,
the cross-section photograph of CFRP in region B was taken by microscope to confirm the embedment.
The layer structure in dark gray is the cured CFRP plate, in which the 125 pum diameter circle
indicating the cladding of optical fiber can be observed. It showed that the optical fiber was
successfully embedded into the surface of the CFRP and its shape was maintained well during the
process. An optical meter (AQ2150A, Ando Electric Co., Ltd.) was used to monitor the light
transmission in optical fiber during the whole curing process (Fig. 4-11), and no significant power loss

was found.
Table 4-2. The properties of CFRP prepregs
Tenax-J prepreg
Carbon fiber 150 g/m?
Resin content 33%
Prepreg sheet weight 222.9 g/m?
Gel time 12 min
140 ~ - 0.5
120 - I \ - 0.45
V - 04
& 100 A - 035 -
2 g / 03 S
S N—r
S 60 - 2
£ 02 8
&40 4 - 0.15 &
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20
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Fig. 4-7. CFRP curing conditions

65



Chapter 4 Dynamic strain distribution measurement

i

A
: \
minI TESTPRESS 0 — 5 A

Fig. 4-8. Mini test press machine for CFRP curing
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Fig. 4-9. The CFRP adherend with embedded optical fiber after curing

Optical fiber

Fig. 4-10. Cross-section photograph of CFRP with embedded optical fiber
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Fig. 4-11. An optical meter used to monitor the curing process

4.1.3.  Joint bonding

The CFRP adherend with embedded optical fiber was adhered with another CFRP adherend to form a
single-lap joint. The properties of the adhesive film are shown in Table 4-3. The recommended curing
conditions on product manual are: 170 kPa, 1.7 <T/min ramp to 130 <C, hold for 45 minutes, cool to
less than 60 <C. In this study, in order to reduce the voids in adhesive layer, the adhesive curing
conditions were modified to: hold for 10 min at 60 <C, hold for 20 min at 80 <C, hold for 10 min at
100 T, hold for 45 min at 130 <C. The x-ray photos of adhesive layer cured by manual and modified
conditions are shown in Fig. 4-12, it can be observed that the void area was reduced, the bonding
quality has been improved.
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Table 4-3. The properties of the adhesive film

Thickness 0.2 mm

Weight 0.06 psf

Curing temperature 121 <

Gel time (135 <€) 4-7 min

Specific gravity 1.2

Support Non-woven polyester mat (HC)

10mm

10rmm

(b)

Fig. 4-12. The x-ray photos of adhesive layer cured by (a) manual and (b) modified conditions
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The adhesive curing was carried out in a bonding jig (Fig. 4-13), the jig design is shown in Fig. 4-14
and Fig. 4-15. The heat and pressure were applied by test press (YSR-10 H/C, Shinto Metal Industries
Corporation) (Fig. 4-16). The optical meter was employed in this process, and no significant power
loss was found.

The bonded single-lap joint is shown in Fig. 4-17. In this way, the optical fiber was embedded into the
adhesive/adherend interface. However, as shown in Fig. 4-18, the spew filet at overlap end between
region A and B could not be removed due to the existence of optical fiber, this end is called filet end
and the other is called square end in this study.

CE2

Fig. 4-13. Bonding jig
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Fig. 4-14. Bonding jig design (base)
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Fig. 4-15. Bonding jig design (clamps)
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Fig. 4-16. Test press for joint bonding

Fig. 4-17. The adhesive-bonded single-lap joint with embedded optical fiber

FBG in region A

Spew filet

Fig. 4-18. The filet end of joint

72



Chapter 4 Dynamic strain distribution measurement

In order to evaluate influence of the optical fiber embedment on joint tensile strength, tests were
carried out on the specimens with and without the embedded optical fiber. The results of tensile
strength are shown in Fig. 4-19, the blue bars indicate the joint specimen without embedded optical
fiber, while red bar indicate the specimen with embedded optical fiber. In the result, no significant
tensile strength loss can be observed when the joint is embedded with the optical fiber using the
procedure of this study.

Tensile strength

350
316.67 300.00

a0 | 29333 280,00 286.67
246.67 250.00

250
200 r
150 |
100 ~

50 |

0 1 1 1 1 1 1

without  without  without without with OF 1 with OF 2 with OF 3
OF 1 OF 2 OF3 OF 4

Stress (Mpa)

Fig. 4-19. Tensile strength of joint with and without embedded optical fiber

4.2. FE model

4.2.1.  Modeling of joint specimen

In joint studies, the theoretical and numerical analysis method are usually used as reference for the
measurement. In this study, the FE analysis has been employed for providing reference for the strain
distribution measurement, because the joint with complex geometry (embedded OFS, spew filet) can
be modeled and analyzed conveniently by it.

The FE analysis has been employed in many studies as an effective method to provide reference for
OFS measurement. However, in the case of embedded measurement, the embedded OFS was not
included in FE model in any report. The analysis result such as stress and strain field at the OFS
embed location on the host model were employed as the equivalent result to fiber core of OFS.
Considering the analysis result in fiber core of embedded FBG is not always equal to the host structure
at embed location and the reflected spectra from FBG can be affected by the strain and stress field, we
built a detailed joint specimen FE model including embedded FBG to improve the evaluation of FBG
measurement in this study.

In order to reduce the calculation time, a three-dimensional symmetric FE model of the joint specimen

with embedded FBG was built according to the practical specimen and FBG geometry and location of
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FBG. The joint is modeled from x=-50 to x=50, the tabs are not included.

About the modeling process, the CFRP adherends and adhesive layer were modeled separately. A
circular slot of 0.1500 mm diameter was cut on a CFRP adherend at the FBG embedding location, a
solid ring with thickness of 0.0125 mm was extruded in the slot to build the coating of FBG fiber, and
a 0.1250 mm diameter solid cylinder was extruded inside the solid ring to build the cladding and core.
The internal boundaries of components were kept during extrusions. After building embedded FBG,
the adherends and adhesive layer were bonded to build the single-lap joint. The debonding boundary
condition can be inserted at the adhesive/adherend interface to build the crack when necessary.

The FE model is shown in Fig. 4-20, the symmetric plane is parallel to plane zy and intersects x axis at
x=0.0, the dark green area indicates CFRP adherends, the gray area indicates the adhesive layer. The
mesh was refined at overlap ends, adhesive layer, FBG model and a portion of adherend which
contains the FBG model. Hexahedral and pentahedral element, which are capable of geometrically
nonlinear analysis, were used to mesh the model. The fine mesh around the embedded FBG is shown
in Fig. 4-21. The FBG model includes two components, the light blue area indicates cladding and core
and the orange area indicates the coating. The material properties are shown in Table 4-4, the CFRP is
defined as orthotropic and the adhesive and fiber are isotropic. The material properties of CFRP and
adhesive are obtained by tests, while the properties of optical fiber are common information.

In order to simulate the load tests, the joint model is constrained at one end, and loads are applied on
the other end. All the boundary conditions are shown in Fig. 4-22, U means displacement constraint,
UR means rotation constraint.
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Fig. 4-20. FE model of joint with embedded OFS

Fig. 4-21. The fine mesh around the embedded FBG
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Loading end
UY=UX=0

Fixed end
UX=UY=UZ=URX=URY=URZ=0

Parallel planar constraint

Symmetry constraint:
UX=URZ=URY=0

Fig. 4-22. Boundary conditions

Table 4-4. Material properties in FE model (unit of Young’s modulus (E) and shear modulus (G): GPa)

CFRP  Adhesive F'bercore Fiber coating
and cladding
E. (E) 154.6 3.3 73.1 3.0
E, 9.8
Ex 9.8
Vzy (V) 0.35 0.39 0.16 0.30
Vyx 0.45
Vax 0.35
Gy 5.3
Gyx 2.5
G 5.3

4.2.2. FE analysis and discussion

In order to evaluate the FE model with embedded FBG, the calculation of stress and strain field on
embedded FBG when joint specimen is subjected to static load was carried out using both the detailed
model with FBG and a model without FBG. The load was tensile 200 kgf, the stress and strain field
results on embedded FBG in x, y and z directions of two models were compared and shown in Fig. 4-23
and Fig. 4-24. The horizontal axis in figures indicates the position on FBG. For the model with FBG,
the result in FBG fiber core was used for comparison, it is shown in red curve. And for the model
without FBG, result on adherend at the embed location was used, it is shown in blue curve.
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Fig. 4-23. The stress field simulated by FEA using model with and without embedded OFS
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Fig. 4-24. The strain field simulated by FEA using model with and without embedded OFS
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Significant difference can be observed in stress component in z direction at the both overlap ends and
strain component in y direction around square end. The stress/strain in longitudinal direction can affect
the measurement directly, and the stress/strain in transverse direction may affect the measurement by
disturbing the FBG spectrum through birefringence effect. This means the inaccurate stress/strain
analysis of embedded FBG will lead to the wrong evaluation or misunderstanding of the measurement
result. Thus in this study, the FE model of joint specimen with embedded was employed for analysis,
and the analysis result in fiber core was used for measurement evaluation and discussion.

4.3. Static load test

Although the main purpose of the measurement in this study is to measure the strain distribution
dynamically under dynamic loading, which is the common working condition for the most of the
structures, the measurement under static loading is considered as a special and simple case, for which
even the sensing system designed for dynamic measurement should be able to provide a good solution.
Thus the adhesive-bonded single-lap joint specimen with embedded FBG was prepared using
procedure introduced in this chapter, the specimen was subjected to static loads and the dynamic
distributed sensing system based on OFDR introduced in chapter 3 was employed for measurement at
each load case, the measurement was carried out for two purposes: evaluation of the sensing system in
practical measurement and investigation on the strain distribution in adhesive-bonded joint.

The test also employed strain gauge as reference for FE analysis and measurement, the test machine
controller as recorder of test conditions and FE analysis as reference for strain distribution. The static
test will be introduced in three aspects, test setup, loading and measurement conditions, results and
discussions.

4.3.1.  Testsetup

The static load test was carried out on test machine, whose controller was employed to define the load
conditions and record the load and displacement information during the test. A strain gauge was
adhesively bonded to the surface of CFRP adherend in region C aside the embedded FBG, the gauge
direction is along the overlap length direction, and the signal of strain gauge was recorded by an
independent system throughout the test. The schematic diagram of test setup is shown in Fig. 4-25.
After installing the specimen onto the test machine, the end of FBG near region A was connected to
the dynamic distributed sensing system. The specimen installation is shown in Fig. 4-26. The specimen
was hold by the clamps at its tabs, the load was applied directly by the clamps. The product
information of devices used in the static load test can be found in Table 4-5.
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Fig. 4-26. Specimen installation
Table 4-5. Information of test devices
Devices Product name Manufacturer Features

Test machine SERVOPULSER
EHF-UB5-20L

Strain gauge FLA-1-11-1
LDA

Shimazu Corporation

Tokyo Sokki Kenkyujo
Co., Ltd.

Length: 1 mm

Maximum load: 5 ton
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4.3.2.  Loading and measurement conditions

The loading condition for the static load test is shown in Table 4-6. Tensile load was applied to the
specimen from 0 to 250 kgf with 50 kgf interval controlled by test machine controller using load
control. The loading was stopped and held at each load case for about 5 minutes for FBG measurement,
and the FBG sensing system carried out measurement for 5 seconds at each load case. The settings of
FBG sensing system for measurement are shown in

Table 4-7, the wavelength sweep rate of TLS, which indicates the sampling rate of the system, was 5
Hz.

Table 4-6. The loading condition for the static load test

Load form tensile, static
Load value (kgf) 0, 50, 100, 150, 200, 250
Load control method Load control

Table 4-7. The setting of FBG sensing system for measurement

Wavelength sweep range (nm) 1546 ~ 1555
Wavelength acquisition range (nm) 1547 ~ 1554
Wavelength sweep rate (Hz) 5

Measurement timing 5 seconds at each load

4.3.3. Results and discussions
The parameters of FBG sensing system for wavelength/strain distribution calculation are shown in
Table 4-8, the position resolution indicates the readout resolution of position in the results, the centroid

method was used to calculate center wavelength in FBG spectrum for the stable measurement.

Table 4-8. The parameters of FBG sensing system for calculation

Position resolution (mm) 0.6
Wavelength resolution (pm) 20
Window length (pm) 400
Center wavelength determination method Centroid

The measured spectrograms at each load case are shown in
Fig. 4-27, the vertical axis indicates the real position on FBG, its relation with the normalized position
is shown in Fig. 4-28. From the spectrograms it can be seen that, the signal in embedded area varies
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when the load increases, and the signal in free portion doesn’t change with the load. And the signal is
observed to be discontinuous at three positions: overlap beginning (filet end), overlap end (square end)
and embedment end, the strain field varies significantly at these positions and the measurement may

be disturbed.
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Fig. 4-27. The measured spectrograms at load cases of (a) 0 kgf, (b) 50 kgf, (c) 100 kgf, (d) 150 kgf, (e) 200 kgf,

(f) 250 kgf
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Fig. 4-28. The real position and normalized position on embedded FBG for static load test

The wavelength distributions at each load case are shown in Fig. 4-29, the horizontal axis in each
figure indicates the normalized position on FBG, each figure contains ten measurements. From the
figures it can be seen that, the measurements at each load case are smooth and stable, no disturbance
or variation was found in signals. The comparison of the measurements at each load case is shown in

Fig. 4-30, the average of measurements at each load case is used.
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Fig. 4-30. The comparison of the measurements at each load case

The strain distributions at each load case were calculated based on the wavelength distributions. The
measurement at 0 kgf was used as initial condition for the strain calculation, and the free portion of
FBG near region C was used as temperature reference. In order to evaluate the accuracy of the
measurement, the FE analysis was carried out using the FE model introduced previously considering
the same loading conditions as the test. The strain measured by strain gauge, was used to confirm the
FE analysis before comparing the FE analysis result and FBG measurement. The comparison of the
strain measured by strain gauge and simulated by FE analysis at the same position at each load case is
shown in Fig. 4-31. The agreement between the strain gauge measurement and FE analysis is found to
be good at each load case, and this means the FE analysis results are reliable.
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Fig. 4-31. FEA results were confirmed by strain gauge
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Instead of discussing all the load cases, the strain distribution at 200 kgf load measured by FBG
sensing system is used for result discussion. The comparison of strain distribution measured by FBG
sensing system and simulated by FE analysis at load of 200 kgf is shown in Fig. 4-32.
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Fig. 4-32. The comparison of strain distribution obtained by FBG measurement and FEA

The horizontal axis indicates normalized position on FBG and vertical axis indicates strain along
overlap length direction. From both the FBG and FEA results, the strain reaches a small peak around
z=1.0. Then it increases gradually in area of (z=3.0 to 20.0) before entering the rapidly increase area
(z=20.0 to 25.0). After reaching the peak at z=25.0 at the overlap end, it decreases gradually in FBG
embedded area outside the overlap (z=25.0 to 35.0). The agreements between FBG measurements and
FEA results are found to be good in strain gradually varying area in overlap and FBG embed area.

Bad agreements are found in three areas: overlap beginning (filet end), overlap end (square end) and
embedment end, where the strain field varies significantly as mentioned. Thus the bad agreements are
assumed to be caused by the insufficient spatial resolution of the strain calculation by centroid method.
In order to confirm the assumption, the strain distribution was calculated again by the FWHM method,
which was considered to have higher spatial resolution than centroid method, and compared with
centroid and FEA result. The comparison is shown in Fig. 4-33.
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Fig. 4-33. The comparison of strain distribution obtained by FEA and FBG measurement calculated using two

methods

The agreements between FWHM and FEA result are found to be good in areas of square end and FBG
embedment end, indicating that the FWHM result described the strain variation in the two areas more
precisely. However, difference still exists in filet end area, it was considered that, because the FBG in
region A near the filet end was bonded into the spew filet, when specimen deformed due to the applied
load large tensile force was applied onto the FBG portion in the filet.

The further investigation on the reason of difference between centroid and FEA result was carried out
by simulating the measurement results. In the simulation, the strain distribution at 200 kgf obtained by
FEA was applied on the FBG, and the simulated spectrogram is shown in Fig. 4-34. The simulation
parameters are shown in Table 4-9, the simulated FBG range is from 5.0 m to 5.1 m.

Then both FWHM and centroid method were used to calculate strain distribution, the simulated results
are compared with the input strain distribution and the practical measurements in Fig. 4-35. The solid
line indicates the input strain distribution calculated by FEA, the marks in red are the simulated results
and the marks in blue are the practical measurements, the cross indicates the results calculated by
FWHM method, and circle indicates results calculated by centroid method.

In the figure, the simulation didn’t show disagreements at the filet end because the FE model didn’t
consider the filet. In the strain rapidly increase area near the square end, the simulated centroid result
increases faster than the FWHM result at the same position, but the FWHM result describes the input
strain distribution better for its high spatial resolution and this pattern can be found in the real
measurement. In area of the end of FBG embedment, the simulated centroid result returns to O
gradually while the simulated FWHM shows the sharper response, and this pattern can also be found
in the real measurement.
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Table 4-9. Simulation parameters

Lr(m) 20
n 1.46
Lrs (M) 1
Le(m) 5
TLS sweep range (nm) 1546 - 1554
Spectrogram
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Fig. 4-34. Simulated spectrogram
1600 —
= Strain input
1400 + X Simulation-FWHM
1200 | O Simulation-centroid
X Measurement-FWHM @) X
1000 + O Measurement-centroid @)
w O
S g0 - o o}
£ a0 o O o
S 600 FO 0O 'e)
(7) XO O >§)
400 @) 5
O 0O
200 X O
ol o
O 1 1 1 1 1 1 1
(P 5 10 15 20 25 30 35 40
-200

Normalized position (mm)

Fig. 4-35. Comparison of simulated measurement with input strain distribution and practical measurements
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However, although the pattern is similar, between the simulated results and practical measurements,
the difference in position in strain decreasing area in FBG embed end area is about 2 mm. About this
discordance, we supposed it is because there exists a strain decreasing area around the FBG embed
end (z=34.8), which was not included in input strain distribution, and the input just simply decrease
strain to 0 at z=34.8. In order to confirm this assumption, at first we tried to find out the strain decrease
area by checking the FBG spectra at the location near z=34.8. As shown in Fig. 4-36, the spectra in area
from z=32.4 to z=34.8 are found to be irregular, which means the transverse stress/strain condition on
FBG varied in this area, and this phenomenon may be caused by the ending of FBG embedment. Thus
another strain distribution input was made considering the strain decreasing area, the strain returns to 0
at z=33.6 which is the middle of the area, and the simulation was carried out again. The simulated
spectrogram is shown in Fig. 4-37. The simulated results are compared with the input strain distribution
and the practical measurements in Fig. 4-38. This time the position difference reduces to about 0.5 mm,
the assumption of strain decreasing area is considered to be meaningful.

As the conclusion, the bad agreements between measurement by centroid method and FEA simulation
in strain sharply varied areas are caused by the insufficient spatial resolution of centroid method.
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Fig. 4-36. FBG spectra around embed end
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Fig. 4-38. Comparison of simulated measurement with input strain distribution and practical measurements

4.4, Cyclic load test

Before the dynamic load test, pilot tests were carried out to determine the load conditions for the
dynamic load test, which was decided to be the cyclic load test, as mentioned in chapter 3. During the
test, the crack was supposed to initiate in bonding area of the joint and propagate at appropriate speed
until joint failure, and the duration of test should be appropriate. A new adhesive-bonded single-lap
joint specimen with embedded FBG was made for cyclic test using the specimen manufacturing
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procedure, and the dynamic distributed sensing system based on OFDR was employed. The purposes
of the dynamic measurement in cyclic load test can be considered as: evaluation of the sensing system
in long-period dynamic measurement, investigation on the strain distribution variation in
adhesive-bonded joint during the crack propagation and prepare data of strain distribution for
detection of crack.

The cyclic test employed strain gauge as reference for FE analysis and measurement, the test machine
controller as recorder of test conditions, FE analysis as reference for strain distribution and microscope
to measure the crack length. The cyclic test will be introduced in four aspects, pilot tests, test setup,
loading and measurement conditions, results and discussions.

4.4.1. Pilot tests

Pilot tests using dummy joint specimen were carried out to determine load conditions for cyclic load
test. As the result, the load frequency of 0.5 Hz was considered convenient for crack observation using
microscope. The gradual crack propagation and appropriate test duration were achieved at maximum
load between 250 kgf and 400 kgf with 0.1 load ratio. During tests, the crack initiated at filet end in
the early period was observed, and it was not always the reason for joint failure. It was considered as
an initial defect caused by the spew filet>.

4.4.2. Testsetup

The schematic diagram of test setup is shown in Fig. 4-39. The cyclic load test was carried out on test
machine, whose controller was employed to define the load conditions and record the load and
displacement information during the test. A strain gauge was adhesively bonded to the surface of
adherend in region C at x=1.5, y=1.5, z=27.5, near the FBG embed location, the gauge direction is
along the overlap length direction, and the signal of strain gauge was recorded by an independent
system throughout the test. And as shown in Fig. 4-40, a microscope camera was set besides the test
machine to take photos of joint specimen at x=10.0 both at maximum and minimum load to observe
the cracks in bonding area during the test. The installation of specimen and strain gauge was the same
with static test. The product information of devices used in the cyclic load test can be found in Table
4-10.
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Test machine
controllor

Test
machine

FBG sensing

Fig. 4-40. Microscope camera employed in test

Table 4-10. Information of test devices in cyclic test

Strain gauge
sensing system

Devices

Product name

Manufacturer

Features

Test machine

Strain gauge

Microscope
controller

SERVOPULSER Shimazu Corporation
EHF-UB5-20L

FLA-1-11-1 Tokyo Sokki Kenkyujo Co.,
LDA Ltd.

VHX-1000 Keyence Corporation

Maximum load: 5 ton

Length: 1 mm
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4.4.3. Loading and measurement conditions

As shown in Table 4-11, load conditions for cyclic load test were determined as, 0.5 Hz load frequency,
0.1 load ratio, and sinusoidal wave. The test was divided into two steps according to the maximum
load as shown in

Table 4-12. In step 1, in order to observe and measure the initial defect, the maximum load was 250 kgf
and lasted for 28000 cycles since the beginning of test. After that, the load was gradually increased to
400 kgf in 1000 cycles without interrupting the loading to accelerate the test. The step 2 was from
cycle 29000 to the specimen failure with maximum load of 400 kgf. During the period when the
specimen was installed on the test machine and before the loading, the FBG and strain gauge sensing
system were started at the same time to record the initial conditions for measurement.

Throughout the test, the FBG sensing system carried out measurement at sampling rate of 5 Hz, other
settings can be found in

Table 4-13. The load and displacement in one load cycle were recorded by the test machine controller
every 10 cycles with sampling rate of 50 Hz. The strain gauge sensing system acquired data at
frequency of 10 Hz throughout the test. All the devices were set to the same system time.

Table 4-11. Load conditions for cyclic load test

Wave form sinusoidal
Load frequency (Hz) 0.5
Maximum load (kgf) 250, 400
Load ratio 0.1

Table 4-12. Test steps

Maximum load (kgf)  Load cycles
Stepl 250 0 ~ 28000
Step2 400 29000 ~ test end

Table 4-13. Sensing system settings in cyclic load test

Wavelength sweep range (nm) 1545 ~ 1555
Wavelength acquisition range (nm) 1546 ~ 1554
Wavelength sweep rate (Hz) 5
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444, Results and discussions

General results

The step 1 of cyclic load test lasted for 28000 cycles, then 1000 cycles were taken for load adjusting,
the step 2 lasted for 13470 cycles, and the specimen ruptured in cycle of 42470. The test started at
11:52 on 27th and ended at 11:28 on 28th, the entire test lasted for about 23 hours and 36 minutes.

In the test, two cracks were observed in bonding area by the microscope. As shown in Fig. 4-41, crack
1 initiated at the filet end of overlap (z=0.0, y=1.5) in cycle 180, it propagated gradually along the
interface between the adhesive layer and FBG embedding adherend and reached 1.7 mm in the end of
test. It was considered as the initial defect due to spew filet. Crack 2 initiated at the square end of
overlap (z=25.0, y=1.5) in cycle 31650, it propagated along the same interface and reached 11.3 mm in
the test end. The crack length of two cracks measured by microscope with respect to the cycle number
is shown in Fig. 4-42. The crack 2 was the reason for joint failure. The failure surface of the joint
overlap was shown in Fig. 4-43. The non-uniform crack front of crack 2 was observed, the crack length
at FBG embed location was 10.5 mm and crack length at microscope observation edge was 12.8 mm.
The FBG broke around the location of (z=0.0, y=1.5), where it had been bonded into the spew filet
during the joint curing. However, in the embed area (region B), the FBG was found still firmly
embedded in the CFRP adherend even after the specimen failure. It indicated that, by the embedment
procedure developed in this study, the CFRP adherend can provide effective protection for embedded
OFS during the measurement.

Crack 1

Crack 1 V\ Crack 2

| \ |
Embedded FBG &

Fig. 4-41. Cracks occurred in joint in cyclic load test
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Fig. 4-42. Crack length measured by microscope in test

Crack at
microscope
observation edge

Fig. 4-43. The failure surface of the joint overlap

Longitudinal strain distribution measured by dynamic sensing system

The dynamic distributed sensing system based on OFDR recorded the D, signal throughout the cyclic
load test. By analyzing the signal, the wavelength distribution at each moment can be reproduced and
the FBG spectrum at an arbitrary position on FBG at each moment can be obtained. It is very difficult
to show all the measurements, so the measurements of wavelength distribution in cycle 12857 are
shown as an example in Fig. 4-44. Horizontal axis indicates position on FBG in region B with interval
of 0.6 mm. The reflected FBG spectra at z=28.1 in cycle 12857 and 12858 were shown in Fig. 4-45, the
Bragg wavelength shift with cyclic load can be clearly observed
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Fig. 4-45. The reflected FBG spectra at z=28.1 in cycle 12857 and 12858
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The longitudinal strain distributions on FBG were calculated based on processing the recorded D,
signal in cyclic load test. The measurement before loading was used as initial condition for calculation,
measurement in region C was used as temperature reference, and centroid method was employed to
determine the center wavelength in FBG spectra. For discussion, two load cycles were chosen each
from step 1 and step 2, the longitudinal strain distribution measurement results at three particular loads
in each cycle were calculated. The first is cycle 25000, the loads chosen in this cycle are 25 kgf, 172
kgf and 250 kgf. The second is 29000, the loads are 43 kgf, 242 kgf and 397 kgf. For both cases, crack
1 with length of 1.3 mm was observed.

The measured spectrograms at each load case of two cycles are shown in Fig. 4-46 and Fig. 4-47, the
vertical axis indicates the real position on FBG, its relation with the normalized position is shown in
Fig. 4-48. The parameters of FBG sensing system for wavelength/strain distribution calculation are
shown in

Table 4-14.

Spectrogram Spectrogram
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(a) cycle 25000, 25 kgf (b) cycle 25000, 172 kgf
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Spectrogram
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Fig. 4-46. Measured spectrograms in cycle 25000
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Fig. 4-47. Measured spectrograms in cycle 29000
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Fig. 4-48. The real position and normalized position on embedded FBG for cyclic load test

Table 4-14. The parameters of FBG sensing system for calculation

Position resolution (mm) 0.6
Wavelength resolution (pm) 20
Window length (pm) 400
Center wavelength determination method Centroid

The crack in joint specimen was added to the FE model. FEA was performed to provide reference for
strain distribution measurement, and before the comparison, as shown in Fig. 4-49, the strain measured
by the strain gauge was used to confirm FEA results. In the figure, horizontal axis indicates the six
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loads in two cycles, the circle indicates strain in overlap length direction measured by strain gauge and
the cross indicates FEA result at the strain gauge location. The agreements were found to be good at all

the six loads.
2500
OBy strain gauge
2000 | &
X By FEA
\g.’: 1500 %
= &)
©
ég 1000 %
500 |
%
0 1 1 1 1 1
25 172 250 43 242 397

Load (kgf)

Fig. 4-49. FEA results were confirmed by strain gauge

The comparison of FBG measurement and FEA was shown in Fig. 4-50 and Fig. 4-51. The horizontal
axis indicated normalized position on FBG and vertical axis indicated strain in overlap length direction.
In a similar pattern with measurement in static test, from both the FBG and FEA results, the strain rose
from O at the crack front location (z=1.3) and reached to a small peak around z=2.0. It increased
gradually in area of (z=2.0 to 20.0) before entering the rapidly increase area (z=20.0 to 25.1). After
reaching the peak at z=25.1 it decreased gradually in FBG embedded area outside the overlap (z=25.1
to 35.0). The agreements between FBG measurements and FEA results were found to be good in strain
gradually increased area and FBG embed area. Bad agreements were found in three areas where the
sharp strain variation existed: the crack front near filet end, the square end and FBG embed end.
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The bad agreements were assumed to be caused by the same reason as the measurement in static load
test, which is the insufficient spatial resolution of the strain calculation by centroid method. Therefore,
the strain distribution in overlap length direction was calculated by the full width half maximum
(FWHM) method and compared with centroid and FEA result. For discussion, the comparison at 397
kgf in cycle 29000 is shown in Fig. 4-52. The solid line indicates FEA result, the circle and cross
indicates centroid and FWHM result respectively. The agreements between FWHM and FEA result
were found to be good in areas of square end and FBG embed end, indicating that the FWHM result
described the strain variation in the two areas more precisely. However, big difference existed in filet
end area, it was considered that, because the FBG in region A near the filet end was bonded into the

Fig. 4-51. The comparison of FBG measurement and FEA in cycle 29000
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spew filet, when crack occurred and FBG embedding adherend was peeled from the filet, large tensile
force would be applied to the FBG portion between the filet and adherend.
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Fig. 4-52. The comparison of strain distribution obtained by FEA and FBG measurement calculated using two
methods at 397 kgf in cycle 29000

Sensing system sampling rate

The cyclic load test shown in this section was the first time the dynamic distributed sensing system
was used for continuously dynamic measurement during a relatively long period. The stability of
sampling rate of the system, which was set to constant 5 Hz for the cyclic load test, was considered to
be an important feature. Thus the measured data throughout cyclic test was used to evaluate the system
sampling rate.

The main purpose of evaluation is to find out if the sampling rate of system was stable at 5 Hz
throughout the cyclic load test. The evaluation method is to compare the strain measured by embedded
FBG at the location near the adhered strain gauge in region C with the strain measured by strain gauge,
the two measurements need to be extracted at the same time. The measurement time information of
FBG sensing system was contained in measurement files, and the measurement time interval of strain
gauge sensing system was counted and recorded in measurement files. Thus the measurement time
recorded by FBG sensing system can be used as guide of sampling timing for analysis, and by
calculating the interval of each timing for analysis, the measurement data of strain gauge can be
extracted.

However, the FBG sensing system and strain gauge sensing system were controlled by two isolated
computers, and even through the two systems were manually started simultaneously before loading,
the first measurement of two systems may not occurred at the exact same time due to difference of
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measurement principle and human factors. Therefore, in order to evaluate the sampling rate, at first the
initial sampling timing of two systems were investigated. The method is to find out and match the time
of measurement of the first load by the two systems. The measurements in period between system start
and a short time after loading of FBG sensing system and strain gauge sensing system are shown in Fig.
4-53 and Fig. 4-54, respectively, the horizontal axis of both figure indicates the measurement number
and vertical axis indicates measured wavelength and strain gauge signal respectively. The
measurement time of first load in each graph, as indicated by red arrow, was defined as initial
sampling timing for each system. The initial sampling timing of FBG sensing system is 11:52:14093
which was obtained from data file. The initial sampling timing of strain gauge is 97.9 second since the
first measurement, the time interval was read from data file. In this way, we set the initial time for both
systems, and now the measurement of two systems can be extracted at the same sampling timing
during the test.

1551.8
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15514 |
15512

1551
1550.8

Wavelength (nm)

13306 Tpitial sampling timing:
15504 | 11:52:14093 >

1550.2
s, S | |
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Measurements

Fig. 4-53. Initial sampling timing of FBG sensing system
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Fig. 4-54. Initial sampling timing of strain gauge sensing system

The sampling timings for analysis are shown in Table 4-15, eleven cases were defined and the time for
each case was indicated by FBG system measurement file, the time interval between cases was 2 hours
in test step 1 and step 2 and 3 hours in load adjust period. The FBG measurements (strain) in 5 seconds
since the sampling time in each case were extracted and compared with the strain gauge measurements
at each case. The comparisons are shown in Fig. 4-55, the horizontal axis indicates strain gauge
measurement and vertical axis indicates FBG measurements. As the result, the elliptical curve can be
observed in each graph, length of minor axis increased and length of major axis decreased with time
elapse in cyclic load test.

Table 4-15. Sampling timings for analysis

FBG SG Time interval (hour)
initial 115214093 97.9
case 1 130006193  4170.0
case 2 150146593 11470.4
case 3 165955093  18558.9
case 4 190135893  25859.7
case 5 210316893  33160.7
case 6 230125993  40249.8
case 7 10317193 47561.0
case 8 40231193 58315.0
case 9 60803893 65847.7
case 10 80624793 72948.6
case 11 100444093 80047.9

N D NN WO N DN DN DN DNDDN
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Fig. 4-55. Comparisons of strain measurement by FBG sensing system and strain gauge at 11analysis cases

We had assumed that there is difference between strain measurements by two systems, and in that case
the comparison curve in each graph should be a straight line. The ellipse in graph indicated that, there
is phase difference in measurement signals measured by two systems even at the same sampling
timing, the real timings at when the two systems provide measurement at each case were not exactly
the same, and of cause it was difficult to obtain the exact same timing because the two systems were
controlled by two independent computer and program. And the shape variation of ellipse with time
elapse indicated that, the phase difference in measurement signals of two systems varied during the
test, which may be caused by difference in time interval determined by the two systems.

Further investigations were carried out on the phase difference of measurement signals by FBG
sensing system and strain gauge sensing system. First, the phase difference at each analysis case was
calculated, the method is to draw a fitting curve for measurements by two systems at each case and
find out the time of first peak in the fitting curve, and the difference of peak time of measurements by
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two systems were the phase difference. The fitting curve is shown in Fig. 4-56, it is drawn by Origin 9
using sinusoidal waveform, the first peak in fitting curve is indicated by red cross and the time at the
peak can be read. The phase difference at each analysis case was shown in Table 4-16, the phase
difference growth rate was also calculated using phase difference and time interval. The phase
difference versus time using case 1 as 0 is shown in Fig. 4-57, horizontal axis indicates time increments
at each analysis case, from the figure it can be observed that the phase difference is a straight line,
which means the phase difference growth rate is constant, and this can also be confirmed by the
calculated phase difference growth rate which is 0.0186 second per hour in average.
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Fig. 4-56. Fitting curve and first peak in signal
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Table 4-16. Phase difference between measurement by two systems

OFDR SG Time Phase Phase Phase difference
interval  difference difference  growth rate (s/h)
(hour) (s) growth (s)

initial 115214093  97.9
case 1 130006193  4170.0 0.101

case 2 150146593 11470.4 2 0.141 0.040 0.0200
case 3 165955093 18558.9 2 0.176 0.035 0.0175
case 4 190135893 25859.7 2 0.211 0.035 0.0175
case 5 210316893 33160.7 2 0.250 0.039 0.0195
case 6 230125993  40249.8 2 0.283 0.033 0.0165
case 7 10317193 47561.0 2 0.319 0.036 0.0180
case 8 40231193 58315.0 3 0.374 0.055 0.0183
case 9 60803893 65847.7 2 0.414 0.040 0.0200
case 10 80624793 72948.6 2 0.453 0.039 0.0195
case 11 100444093 80047.9 2 0.492 0.039 0.0195
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Fig. 4-57. Phase difference between measurement by two systems

Therefore, the constant phase difference growth rate of the phase of measurement signal by two
systems indicated that, the sampling rate of dynamic distributed sensing system using embedded FBG
was stable, at least as stable as the strain gauge sensing system. And considering that, the chance of
phase difference variation between two systems beyond one period (2 seconds) is small and no such
variation was observed during test and data analysis, the phase difference growth rate was about
0.0186 second per hour. The worst situation, if the strain gauge was stable at 10 Hz, and the data for
discussion was 5 Hz, and all the phase difference was caused by inaccurate sampling rate of FBG
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sensing system. The average phase difference in each sampling cycle will be about 1.03 micro second,
and FBG sensing system is faster, which means the absolute sampling rate of FBG sensing is
5.0000258 Hz.

4.5, Summary

We developed an embedment procedure to embed the FBG into unidirectional CFRP, by
which the FBG was embedded into the adhesive-bonded single-lap joint specimen at designed
location. During the test, no strength loss of the joint or function loss of the sensor was found,
and the embedment provided effective protection for FBG during measurement. Since the
embedment location of FBG in CFRP adherend can be controlled and observed, the detailed
FE model of joint specimen was built according to the real condition of embedded FBG. By
using this model, the detailed information in fiber core of embedded FBG can be obtained.
We believe that the detailed model with embedded FBG can evaluate the mechanical
condition more accurately and help us to have the better understand on the FBG measurement.
The adhesive-bonded single-lap joint specimen with embedded FBG made by using our
procedure has been employed in static and cyclic load test. The dynamic distributed sensing
system based on OFDR performs well in both tests. The measurements were examined by
comparing with FEA results. The measurement described the strain distribution in joint well
in strain gradually varied areas, bad agreements in strain sharply varied areas were found to
be caused of the insufficient spatial resolution of centroid method. And the stability of sensing
system was evaluated using the measurement data. The sampling rate was confirmed to be
stable by comparison with the strain gauge measurement, and the phase difference growth rate
between two systems was about 0.0186 second per hour.

4.6. Problems and future works

One of the important achievements of this study is the embedment method of OFS into
adhesive-bonded joint. The embedment procedure has been proved to be feasible and
effective, however, the joint made by using this procedure has a filet end which cannot be
removed. The filet end has brought us many troubles and an improvement on the procedure is
highly desired.

The dynamic distributed sensing system showed good performance in 23.5 hours cyclic load
test, however, the real structure needs much longer period monitoring than this test. The
sensing system should be tested in a long period test. There is a problem needs to be
considered, the system based on OFDR generates large data file during measurement. In our
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case, we got nearly 400 GB in the 23.5 hours test and it was not convenient to storage,
transmit or analyze. However, this is the charming part of system based on OFDR, it can
record all the information so the details of measurement such as spectrum at each position on
FBG can be reproduced. So I think the measurement should be designed carefully according
to the practical situation, in some occasions the sampling rate may be reduced or the
information to be recorded may be simplified for long period monitoring.

The evaluation of sensing system sampling rate stability is considered important when using
dynamic sensing system. And the evaluation test should be designed carefully whether with or
without a reference system. In our case, we employed a reference system which was strain
gauge sensing system, however, the data file of strain gauge sensing system didn’t indicate the
measurement time directly. And this brought a lot of trouble to us when doing the evaluation.
Thus in the future, when there is a system needs to be evaluated, the reference system should
record the real measurement time.
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Chapter 5

Damage detection and further applications

In SHM, some of the data or information acquired by sensing techniques can be used directly for
structural integrity assessment or damage detection, however, in the most occasions, the acquired data
or information need to be analyzed by the particular method for assessment of the particular structural
condition or detection of particular damage. Thus after acquiring the data, the next step of SHM is to
find out how could we use the acquired data, which means application methods for acquired data need
to be developed.

In our case, the data has been successfully acquired by the dynamic distributed sensing system in
relatively long-period cyclic load test. Because of the unique feature of the system based on OFDR,
the data includes the strain distribution and the FBG spectrum at each position on FBG, both of them
are with high spatial resolution. The target damage of this study is the crack in bonding area, which
had been controlled to occur and measured by microscope camera in cyclic test. An important goal of
this chapter is to discuss the detection method of the crack by using acquired data.

In this chapter, at first the crack detection method based on strain distribution variation will be
introduced and employed for detecting cracks occurred in cyclic load test. After that, the irregular
FBG spectra around crack front location will be investigated, another crack detection method will be
proposed based on examining the shape of spectra. Finally, proposals will be made on three future
study subjects.
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5.1. Crack detection of adhesive-bonded joint based on strain distribution

5.1.1.  Crack detection method based on strain distribution

From the analysis of longitudinal strain distribution measured by embedded FBG, it has been observed
that the strain distribution varied with crack propagation even under the constant load conditions. As
mentioned if the strain distribution can be used as an indicator of crack conditions, and by building the
relation between strain distribution variation and crack conditions, the crack may be evaluated at any
time in test by analyzing the measured strain distribution.

In order to build the relation, at first we examined the measured strain distribution throughout cyclic
load test. Since the sampling rate of sensing system was 5 Hz and load frequency was 0.5 Hz in cyclic
load test, there are ten sets of data in a single load cycle, instead of examining all data in one cycle, the
data at the maximum and minimum load were considered to be representative.

Thus strain distribution at the maximum and minimum load in one load cycle at the time when the
crack length measured by microscope were examined and shown in Fig. 5-1 for discussion. The load
cycle from which data was extracted is shown in each graph, red curve and blue curve indicated strain
distribution at maximum and minimum load, respectively. The horizontal axis indicates position on
FBG, and vertical axis indicates strain value.

The sampling time for discussion are summarized in

Table 5-1, only the time when crack propagated significantly is chosen. For the data analysis in this
study, it is necessary to transform the number of load cycle into the real time, because the data files
recorded by the sensing system were arranged in order of real time.
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Fig. 5-1. Strain distributions in ten load cycles

119




Chapter 5 Damage detection and further applications

Table 5-1. Summary of sampling time in ten cases
crack length measured by
microscope (mm)

real time cycle crack 1 crack 2
12:58:40 2000 0.80 0.00
17:25:20 10000 1.06 0.00
01:45:20 25000 1.33 0.00
05:40:40 32060 1.40 0.80
06:32:00 33600 1.42 1.62
07:52:00 36000 1.43 3.37
08:58:40 38000 151 5.36
09:32:00 39000 1.58 6.31
10:22:30 40515 1.58 8.21
11:12:00 42000 1.70 10.70

From the figures, the strain distribution varied both in aspects of strain value and shape of distribution
with the crack propagation. We noticed that, the positions of two peaks of strain at two overlap ends
(z=0.0 and z=25.1) moved towards middle of overlap with crack propagation, which means the strain
concentration position moved, and it may be caused by the shorten overlap length. If the relation of
strain concentration position and crack length can be build, the crack length may be estimated based
on analyzing the strain distribution.

And comparing with strain curve at minimum load, the positions of peak strain are easier to be
identified in the curve shape at maximum load. Thus in this study, the strain distribution at maximum
load in load cycle was investigated as the crack indicator.

FEA was carried out to investigate the strain distribution variation using the FE models with different
crack length at the same load condition, in this way, the only factor, the crack length, can be analyzed.
Although the cracks observed in cyclic load test initiated and propagated at interface between adhesive
layer and adherend embedded with FBG, the FEA considered the more complex situations when the
cracks from both overlap ends initiated and propagated at the both adhesive/adherend interfaces and in
adhesive layer. The tensile load applied on models was 400 kgf. As shown in Fig. 5-2, four FE models
were built, model O considers the joint with no crack and the FBG position is in lower adherend for all
models, model 1 considers the two 2-mm-long cracks at interface between adhesive layer and lower
aherend, model 2 considers the two 2-mm-long cracks at middle in thickness in adhesive layer, and
model 3 considers two 2-mm-long cracks at interface between adhesive layer and upper aherend. The
boundary conditions of FEA are the same with cyclic load test, the longitudinal strain distribution
along the FBG position of each model was extracted for discussion. The strain distribution comparison
is shown in Fig. 5-3.
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Fig. 5-3. Strain distribution results of FEA
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From the analysis, in model 0 with no crack, the strain rose from O to a small peak at overlap
beginning (z=0.0), and the maximum strain appeared at overlap end (z=25.0). In the models with
cracks, a trough and the 0 strain appeared around the crack front location at z=2.0, and the maximum
strain appeared at crack front location at z=23.0, this phenomena was considered to be caused of the
shortened effective overlap length by cracks. Among the strain distributions of model 1, model 2 and
model 3, similar pattern about crack front position was observed, and the only difference for the three
cases is the strain value.

As an assumption, the positions of 0 strain and maximum strain in measured longitudinal strain
distribution in overlap area may be used as indicators to estimate the crack front location and calculate
crack length. And this method may be effective even the cracks occurred in adhesive layer or at the
interface of adhesive and adherend without embedded FBG.

5.1.2.  Detection of cracks occurred in cyclic load test

As mentioned, the strain distribution at maximum load in each load cycle was used to estimate the
crack length, because the position of maximum strain is significant to be identified at maximum load.
And because 0 strain could not be observed due to the filet, the trough of strain distribution at filet end
was used as the equivalent indicator for crack 1.

By using the proposed method in last section, the cracks in cyclic test were estimated based on
longitudinal strain distribution measured by embedded FBG. The crack length of crack 1 obtained by
estimation and microscope measurement are compared in Fig. 5-4. The estimation showed good
response to the crack propagation at the interval of 0.6 mm, which is the readout position resolution of
sensing system, which indicated the accuracy of this method in this study.
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Fig. 5-4. Crack length measured by microscope and estimated based on strain distribution for crack 1
The comparison of crack 2 was shown in Fig. 5-5. The estimation suggested a 0.6 mm crack in cycles
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of 18000 to 29000 which was failed to be captured by the microscope, the estimated crack length was
longer than measurement at the beginning of step 2 and became shorter than measurement after cycle
32600 until test end.
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——By microscope measurement
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X X
0 e - - < - - - - :
0 5000 10000 15000 20000 25000 30000 35000 40000 435000
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Fig. 5-5. Crack length measured by microscope and estimated based on strain distribution for crack 2

The reason for the difference was considered to be the non-uniform propagation speed of the crack
front. At first, the crack initiated at the center in width direction (x) of overlap but did not propagate to
the edges during cycle 18000 to 29000, then the center of crack front propagated faster than the edge
at the beginning of step 2 and became slower from cycle 32600 until the test end. The maximum
length of crack 2 by estimation was 10.4 mm, and it was confirmed by the observation of failure
surface.

5.1.3. Discussions

The detection method of cracks occurred in adhesive layer or at adhesive/adherend interface of
adhesive-bonded single-lap joint was developed based on analyzing longitudinal strain distribution.
The method has been confirmed to be effective by estimations of cracks occurred in cyclic load test.
By applying this method, the real-time crack detection may be achieved by dynamic distributed OFS
sensing system introduced in this study with high accuracy.

5.2. Investigation on reflected FBG spectra around crack front location

In previous sections, the change of spectrogram and strain distribution measured by embedded FBG
with crack propagation were examined and analyzed. By further investigation, we noticed that, the
reflected FBG spectra at locations on crack propagation path also varied during crack propagation, and
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the spectra at locations around different crack front were in some kind of pattern. If the pattern could
be identified, the crack may be detected by observing the FBG spectrum. And this method will be
more efficient because neither wavelength nor strain distribution needs to be calculated, so the error in
calculation can be avoided.

For discussions in this section, at first the irregular FBG spectra at a typical sampling timing will be
shown to address the problem. Then the attempt to find out the reason for irregular spectra by
investigating birefringence effect induced by concentrated peel stress. Finally the strain growth rate
around crack front was investigated and related to the width of irregular spectra, and the relationship
was used to estimate the location of crack front.

5.2.1.  Irregular spectra around crack front

As introduced in chapter 3, usually the reflected spectrum from grating on FBG detected by our
sensing system should be regular with a single peak which indicates the Bragg wavelength. During
data analysis, we notice that the FBG spectra become irregular around the crack front, which is
estimated by using strain distribution method, which means it is the end of overlap and longitudinal
and peel strain/stress concentrates at that location. Actually the same phenomena were also observed
in static load test, in that case the irregular showed at overlap end.

Since the shape of spectra is difficult to describe, as an example, the spectra around crack front of
crack 2 (z=23.8), at the maximum load in cycle of 30384 (04:45:00) in cyclic test are shown in Fig. 5-6,
the figures are arranged by normalized position. The positions where the spectra are extracted for
example are explained in Fig. 5-7. The spectra are taken from z=14.7 to z=25.1, the distance between
spectra is the position resolution, 0.6 mm. The horizontal axis in each spectrum indicates wavelength
and vertical axis indicates normalized amplitude using the maximum value as 1, because in this
section we only investigate the shape of spectra. In this section the spectra are taken at maximum load
for discussion.
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Fig. 5-7. Spectra extracted area

From the spectra figures, it can be observed that, from z=14.7 to z=19.6 the spectra are regular with a
single peak, although the spectra at z=18.4, z=19 and z=19.6 became wider, the center wavelength can
be obtained easily. From z=20.2 to z=25.1, the single peak spectrum split into two peaks or multiple
peaks, the maximum width of spectrum showed at z=22 where spectrum split to two peaks with almost
same amplitude.

5.2.2.  Spectra split caused by birefringence effect

The reasons for spectra split around crack front are considered as in two aspects, the birefringence
effect induced by peel stress concentration, and the sharply varied longitudinal strain field around
crack front. In this section the spectra split caused by birefringence effect is investigated.

The birefringence effects on FBG have been analyzed by R. Gafsi and M. A. EI-Sherif' when the
grating zone is subjected to a static transverse load. The wavelength split in reflection spectrum is
caused by the Bragg reflection wavelength variations for x-polarization and y-polarization due to the
optical and mechanical property changes of FBG. As a result, the equations to calculate the reflection
wavelength variation are given,
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for x-polarization

3
n A
(Adp)x = _% X {(P11 = 2vP12) 0y + [(1 = VIp1z — vp11] X (0y + 0)}
NerrlA
+ Z—Gf;j E x [0, = v(oyx + 5,)]

and for y-polarization

3
n A
(Ag)y = _% X {(pll = 2vp1p)oy, + [(1 = v)p1z — vp11] X (0 + Uz)}
Nerrl\
+2—LE [O’Z - v(ax + ay)]

E

Eq. 51

Eq. 5-2

where n.rr, Ag, p1; and py, are effective refractive index of the core, periodicity of the grating,
photoelastic coefficients of the FBG respectively, E and v are Young’s modulus and Poisson’s ratio of
fiber core respectively, oy, g, and o, are stress components on FBG in three principal directions.

In our case, in order to calculate the wavelength difference between two peaks in FBG reflection
spectrum induced by concentrated peel stress around crack front, FEA was carried out to calculate
stress field along the embedded FBG considering the joint geometry (crack at z=23.8) and loading

(400 kgf) in cycle of 30384.

The stress field result in fiber core is shown in Fig. 5-8, it is clear that the stress on three directions
concentrated around the crack front of crack 2. The stress field at z=23.8 was used for calculation and
the result was compared with wavelength difference between two peaks measured in spectrum. The

parameters for calculation are shown in
Table 5-2, the comparison is shown in
Table 5-3.
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Fig. 5-8. Stress field on embedded FBG in cycle of 30384
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Table 5-2. Parameters for birefringence effect calculation

E % Ag Nef P11 P12 Ox Oy Oz
z=23.8 7.31E+04 0.16 5.31E-04 1.46 0.113 0.252 10.6951 17.0166 295.4580

Table 5-3. Wavelength difference between two peaks measured in spectrum and calculated considering
birefringence effect
Wavelength difference (nm)
By measurement By calculation
z=23.8 0.34 0.02

From the result, the spectrum split caused by birefringence effect induced by stress concentration
around crack front only contributed about 6 percent of the wavelength difference between two peaks
observed in split spectrum at z=23.8. This means the birefringence effect is not the main reason for
irregular spectra.

In addition, the irregular spectra around overlap end observed in static load test were also investigated
by the similar process, the detail results can be found in’.

5.2.3.  Irregular FBG spectra around crack front location

The other reason is the sharply varied strain around crack front disturb the FBG measurement and
caused irregular spectra, which have also been observed in Y. Okabe’s study® caused by the
non-uniform strain distribution. Considering that the strain sharply varied area moved with the crack
propagation, more measurements at different sampling time including the example were extracted for
further discussion, the information of measurements is shown in Table 5-4.

Table 5-4. Information of cases for discussion
Measurement time ~ Cycle number  Crack front position

case 1 214500 17784 24.5
case 2 44500 30384 23.8
case 3 61400 33054 23.2
case 4 74500 35784 22.6
case 5 83500 37284 22.0
case 6 85500 37884 21.4
case 7 94000 39234 20.8
case 8 100000 39834 20.2
case 9 102000 40434 19.6
case 10 104200 41094 19.0
case 11 105300 41424 18.4
case 12 105600 41514 17.7
case 13 110300 41724 171
case 14 110600 41814 16.5
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At first, the spectra of case 2 (example case in last section), case 6 and case 10 were extracted for
preliminary investigation. The spectra of case 6 and case 10 from z=14.7 to z=25.1 are shown in Fig.
5-9 and Fig. 5-10. From three sets of spectra, we noticed that the most significant shape variation in
spectrum appeared at z=22, z=19.6 and z=17.1 for case 2, 6 and 10, respectively. And from
longitudinal strain distribution measurement we know that these positions are at the middle of strain
increasing zone where the strain increased at the highest speed for each cases, and the distance
between these positions and crack front location are 1.8 mm, 1.8 mm and 1.9 mm for case 2, 6 and 10,
respectively. Therefore, there is an assumption that, the shape variation of FBG spectrum is related
with longitudinal strain variation rate, which means the spectrum shape varies more significantly at the
location where the strain varies faster.
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Fig. 5-10. Spectra of case 10

In order to confirm this assumption, the longitudinal strain distributions measured by embedded FBG
at location from z=14.7 to z=25.1 in case 2, 6 and 10 are shown in Fig. 5-11. Based on the strain
distribution, the strain growth rate of measurement point at each position was calculated using the
equation:

de & —¢&
Rl = — =
dP P, —P,

Eg. 5-3

where p; and p, are the position of present point and the position of one point before the present
point respectively, &; and g, are the longitudinal strain measured at two positions. The calculated
strain growth rates at location from z=14.7 to z=25.1 in three cases are shown in Fig. 5-12, it can be
observed that, the strain growth rate increases in the first half of strain increasing zone and decreases
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in the second half for each case.

In order to build a relation between the strain growth rate and FBG spectrum at each position, an
indicator to describe the degree of spectra variation needs to be defined. In this study, the spectrum
width defined as the full width at half maximum (FWHM) was used as the indicator. The spectrum
width of each spectrum at location from z=14.7 to z=25.1 in three cases was measured and plotted with

respect to position in Fig. 5-13.
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Fig. 5-12. Strain growth rate from z=14.7 to z=25.1 in case 2, 6 and 10
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Fig. 5-13. Spectrum width from z=14.7 to z=25.1 in case 2, 6 and 10

From figure of strain growth rate and spectrum width, we noticed that the significant spectra variation
appeared in area where the strain grew fast, which confirmed our assumption. This means by
measuring the variation degree of FBG spectra, the spectrum width for example, the position in the
joint where strain grows fastest can be identified in this study. For the three cases, the crack position,
maximum strain growth rate position, maximum spectrum width position and the distance between
crack position and maximum strain growth rate position are shown in Table 5-5. As shown in the table,
the distance between the strain fastest varies position and crack front position is constant in each case,
which means the FBG spectra variation degree may be used to identify the crack front position.

Table 5-5. Results in three cases

Crack Maximum strain growth Maximum spectrum Distance
position rate position width position (mm)
case 2 23.8 22.0 22.0 1.8
case 6 21.4 19.6 19.0 1.8
case10 19.0 171 17.1 1.9

In order to test this assumption, the crack length of crack 2 in each case shown in Table 5-4 was
calculated by identifying the position of maximum spectrum width, the crack front location was
defined as 1.8 mm behind that position, the results are shown in Table 5-6. The results were compared
with the crack length estimated using strain distribution method introduced in last section in Fig. 5-14.
From the table and figure, in ten cases the two methods have the same result of crack length estimation,
however, difference shows in case 5, 6, 7, 12.
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Table 5-6. Crack length estimated by the maximum spectrum width position
Crack length (mm)

time cycle Estimated by strain Estimated by FBG
distribution spectrum
case 1 214500 17784 0.6 0.7
case 2 44500 30384 1.3 1.3
case 3 61400 33054 1.9 1.9
case 4 74500 35784 2.5 2.5
case 5 83500 37284 3.1 3.7
case 6 85500 37884 3.7 4.3
case 7 94000 39234 4.3 5.6
case 8 100000 39834 4.9 4.9
case 9 102000 40434 55 5.6
case 10 104200 41094 6.1 6.2
case 11 105300 41424 6.7 6.8
case 12 105600 41514 7.4 8.0
case 13 110300 41724 8.0 8.0
case 14 110600 41814 8.6 8.6
10
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Fig. 5-14. Crack length estimated based on strain distribution and FBG spectrum

The biggest difference shows in case 7, which is 1.3 mm. The maximum spectrum width of case 7 is at
z=17.7, which should be z=19.0 according to strain distribution method. For further investigation,
spectra in case 7 at z=17.1 to z=19.6 are shown in Fig. 5-15. It can be observed that, at z=17.7, the
spectrum is a single peak with perturbation around 1553 nm. And at z=19.0, the spectrum split
significantly into two peaks, the amplitude of the peak on the right in the spectrum didn’t reach 50
percent of the maximum value of the spectra which is in the peak on the left. Therefore the peak on the
right was not taken into account when calculating spectrum width using FWHM, and this should be
the reason that the spectrum width at z=19.0 was smaller than z=17.7. The estimation difference in
other three cases are confirmed to be caused by the same reason.
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Fig. 5-15. Spectra in case 7 at z=17.1 to z=19.6

If we take the full width at 40% of maximum value to determine the spectrum width, the spectrum
width at z=19.0 will be 1.58 nm, which is bigger than at z=17.7 (1.36 nm) and is the maximum in area
from z=14.7 to z=25.1. This means that, by changing the method of defining spectrum width, the crack
length estimation can be adjusted. We also noticed that, as shown in Fig. 5-15, the widths of spectrum
at z=17.7 and z=19.0 are almost equal. If the spectrum width is the only indicator to describe spectrum
variation degree, we may consider that these two spectra are similar, however in fact, spectrum at z=19
shows significant split, which means the variation of it is much severe than at z=17.7. Therefore, one
indicator may be not enough to evaluate the spectrum variation degree, the number of split peaks in
the spectra, for example, may be used as a second indicator, and we believe that this can improve the
accuracy of the crack detection.
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5.2.4, Discussions

Investigations were carried out on the reasons for the irregular FBG spectra around crack front
location observed in cyclic load test. As the result, the birefringence effect induced by concentrated
stress field was found to have small contributed to the spectrum variation, and the main reason was
considered to be the sharp strain variation. After that, the spectrum width measured using FWHM was
defined as indicator to describe the spectrum variation degree, and the spectrum width was related to
the strain growth rate in strain increasing zone around crack front location. By using this relation, the
crack lengths of crack 2 at ten sampling time were estimated, the estimation results were confirmed by
the estimation using strain distribution method. The disagreements in two estimations of crack length
were investigated. As the result, two points, the method of determining the spectrum width, and the
second indicator of spectrum variation degree, need to be considered to improve the accuracy of crack
estimation based on FBG spectra.

5.3. Further applications of OFS sensing system for adhesive-bonded joints

The dynamic distributed sensing system based on OFDR using embedded FBG has been used to
measure strain distribution in adhesive layer of adhesive-bonded joint during static and cyclic load test.
The measured information, strain distribution and FBG spectra, have been used to provide real-time
detection of cracks propagated along adhesive/adherend interface. Besides these applications which
have been proved feasible and effective, the potential of our system on further applications for
adhesive-bonded joints was discussed and we made some proposals.

5.3.1.  Adhesive-bonded joint manufacturing monitoring

As one of major concerns of adhesive-bonded joints, the variable initial strength depends on
manufacturing induces uncertainties to engineers when using the joints. There are two approaches to
reduce this concern, by controlling the joint strength through improvement of manufacturing
techniques and by monitoring bonding parameters during bonding process to evaluate or improve
initial joint strength. As the second approach, Klaus-Ulrich von Raben has given a method based on
the continuous monitoring of bonding force and ultrasound amplitude during bonding processes with
semi-automatic and fully automatic bonding machines®. Although hasn’t been widely used for joint
bonding monitoring, the OFS was employed for monitoring in composites curing process in many
reports. In Murukeshan’s study®, the FBG act as a temperature transducer during composite curing and
as an embedded sensor in 3- and 4-point bending tests. The similar applications can be found in®.
These reports shows the potential of OFS on monitoring the composite curing process, and it may also
be extended to monitor the joint curing.

In this study, the FBG was embedded into the composite prepregs and cured with them, thus by
dynamic measurement throughout the adherend and joint curing processes, the curing quality may be
evaluated. The measurements during specimen manufacturing is shown following by discussions.
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Measurement in CFRP adherend curing process

The curing conditions of CFRP in this study is shown in Fig. 5-16, nines measurements during the
process indicated by red dotted circle were extracted for analysis. The sampling timings of
measurement are also shown in Table 5-7. A schematic diagram of curing set up is shown in Fig. 5-17,
which has been introduced in chapter 4.
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Fig. 5-16. Curing conditions of CFRP

Fig. 5-17. Schematic diagram of curing set up

Table 5-7. Sampling timing during CFRP curing (RT: room temperature)
Sampling case S1 S2 S3 S4 S5 S6 S7 S8 S9
Temperature(°C) RT RT 100 100 130130 RT RT RT
Pressure (Mpa) O 0.26 0.26 0.26 0.420.42 042 0 out of jig

The wavelength distribution measurements are shown in Fig. 5-18, the horizontal axis indicates the
entire sensing region of FBG, the vertical axis indicates Bragg wavelength at each position. It can be
observed that, the whole wavelength distribution increases due to heating and decreases since case S7
when CFRP was cooled to room temperature. The variation of distribution shape in region B can be
observed in case S7, S8 and S9, the variation may indicate that the FBG has been embedded into
CFRP in this area. And the shape variation can also be observed in case S5 and S6, in that period we
assume that the CFRP started to cure. In this way, the FBG has shown potential in monitoring the
curing condition of CFRP in FBG embedded area during curing process. However, factors which can
influence the measurement need to be eliminated, the factors will be discussed later.
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Fig. 5-18. Measurements by embedded FBG during CFRP curing

The residual strain in FBG embedded area of CFRP is evaluated by comparing the initial measurement
(S1) and the measurement after curing (S9), the result is shown in Fig. 5-19. The FBG portion in region
Ais used for temperature compensation. From the figure, large tensile strain can be observed in region
B. The reason for this is considered that, before CFRP curing, FBG was adhered to the bottom of
curing jig which is made of steel, the jig expanded during the heating and the FBG was stretched
consequently. When the CFRP started to cure, the FBG was still stretched, so the tensile strain caused
by stretching was kept in the cured CFRP in FBG embedded area, and it is much bigger comparing
with residual strain. Therefore, by using the procedure developed in this study, the residual strain of
CFRP after curing cannot be evaluated. In order to do this, the whole curing process need to be
considered carefully and factors such as the thermal expansion of curing jig which can affect
measurement need to be eliminated.
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Fig. 5-19. Residual strain measured by embedded FBG after CFRP curing
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Measurement in joint bonding process

Measurements were also carried out throughout joint bonding process using adherend with embedded
FBG. The schematic diagram of joint bonding set up is shown in Fig. 5-20, the adherends are shown in
light blue, FBG is shown in red and bonding jig is shown in white. The bonding conditions are shown
in Fig. 5-21, the measurement timings are shown in Table 5-8.
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Fig. 5-21. Joint bonding conditions

Table 5-8. Sampling timing during joint bonding (RT: room temperature)
Sampling case S1 S2 S3 S4 S5 S6
Temperature(°C) RT RT 140 140 RT RT
Pressure (Mpa) 0 0.18 0.18 0.18 0.18 O

The wavelength distribution measurements are shown in Fig. 5-22, the horizontal axis indicates the
entire sensing region of FBG, the vertical axis indicates Bragg wavelength at each position. It can be
observed that, the whole wavelength distribution increases due to heating and decreases since case S5
when joint was cooled to room temperature. The distribution shape in bonding area varied in S4 and
S5 when the joint started to cure, and the variation is kept in S6 when bonding finished. We also
attempted to evaluate the residual strain in bonding area by comparing S1 and S6, the FBG portion in
region A is used for temperature compensation. The result is shown in Fig. 5-23. The compressive
strain around z=0 is considered to be caused by spew filet from adhesive layer and the measurement
indicates strain concentration at overlap end (z=25). No further investigation was carried out.
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Fig. 5-22. Measurements by embedded FBG during joint bonding
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Fig. 5-23. Residual strain measured by embedded FBG after joint bonding
The curing monitoring of the composite and bonded joint is the attractive subject, and the embedded
OFS has shown great potential for this. However, the embedment procedure developed in this study
may not suitable for this purpose. For future study, the elimination work of factors which can affect

OFS measurement during curing need to be considered, which may include curing jig modification,
OFS position change and so forth.

5.3.2.  Fracture condition assessment of adhesive-bonded joint
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Adhesive joints usually fail by the initiation and propagation of flaws. Since the basic tenet of
continuum fracture mechanics is that the strength of most real solids is governed by the presence of
flaws, the application of such theories to adhesive joint failure has received attention. The main aims
of the various theories are to analyze mathematically the loads at which the flaws propagate and
describe the manner in which flaws grow. The source of naturally occurring flaws, sometimes referred
to as intrinsic flaws, may be voids, cracks, dirt particles, additive particles, etc, which may be initially
present at a critical size or develop during the fracture test.

In many ways the use of fracture mechanics to study the failure of joints is a complementary approach
to that of mapping the nature and magnitude of the stresses. Both approaches have their advantages
and limitations. Fracture mechanics has proved to be particularly useful for such aspects as
characterizing the toughness of adhesives, identifying mechanisms of failure and estimating the
service life of damaged structures, the damage is in form of cracks, air-filled voids, debonds, etc.
which is caused from environmental attach, fatigue loading, subcritical impact loads. On the other
hand, a detailed knowledge of the stress distribution in a bonded structure has proved to be of
particular useful in initial design studies and for interpreting the effects of geometric parameters, such
as effect of overlap length in lap joints.

The distributed OFS sensing system introduced in present study has been employed to obtain very
detail information in adhesive layer and for real-time damage detection. For fracture mechanics of
adhesive-bonded joints, the stress/strain information and geometric change when defects occurs has
been involved in several approach methods to evaluate the fracture condition. The discussion in this
section is for making a proposal on application of the dynamic distributed sensing system using
embedded FBG for joint fracture condition evaluation.

In the studies of J. K. Jethwa, A. J. Kinloch and A. J. Curley®, a linear-elastic fracture-mechanics
(LEFM) approach has been employed to examine the cyclic fatigue behavior of adhesive-bonded
joints, which consisted of aluminum-alloy or electro-galvanized (EG) steel substrates bonded using
toughened-epoxy structural paste-adhesives. The adhesive systems considered in their studies were
typical of those being considered for use, or in use, for bonding load-bearing components in the
automobile industry. The cyclic fatigue results are plotted in the form of the rate of crack growth per
cycle, da/dN, versus the maximum strain-energy release-rate, Gnax, applied in the fatigue cycle, using
logarithmic axes, and a typical plot is shown in Fig. 5-24. The presence of a threshold value of the
strain energy release rate applied in the fatigue cycle, Gy, was of great interest, below which fatigue
crack growth was not observed to occur. Environmental factors were also taken into account in their
tests.
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Fig. 5-24. Logarithmic crack growth rate per cycle versus logarithmic and linear Gy,
Apart from using such test results to rank different adhesive materials, there is also interest to employ
such data to try to predict the service life of adhesive-bonded joints. Since the fracture mechanics data
can be obtained in a relatively short time-scale, if the data could be used to predict long-term behavior
of various designs of adhesive joints, this would represent a major advance in increasing the design
engineer’s confidence in the use of adhesive bonding. In order to achieve this, their attempt
consisted of three steps. Their attempt is typical when solving this kind of problem and it may be
consulted to extend application fields of our sensing system.
The first step is to obtain an expression for the fracture mechanics data. The second step is to derive a
model for the total strain energy release rate, G, in the joint, or bonded component, of interest as a
function the length of the fatigue crack, which is assumed to initiate and propagate through the joint,
for the given joint geometry and applied load. In the third step, this model, giving G for the bonded
component as a function of crack length for the given joint geometry and applied loading, may be
combined with the expression for the da/dN versus G curve to give predictions of the long term
fatigue life of the joint or structure.
According to the Paris Law, the fatigue crack growth rate, da/dN may be expressed as a function of the
applied maximum strain energy release rate Gpax, as given below.
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da
= DG, Eq. 5-4

D and n are empirical constants for a given loading ratio, frequency of testing and environment. A
more detailed expression was also given.

d 1— Gth "
a G
— =DpGh,, {——max’ Eq. 5-5
dN max L Grcr;lax n,
c

Where Gy, is the minimum or threshold value of the applied strain energy release rate, D, n, ny and n;
are constants for a given set of test conditions. In order to employ the fracture mechanics data, the total
strain energy release rate, G, versus the length of fatigue crack, a, in a single-lap joint during cyclic
fatigue loading was deduced.

For the mix mode fracture of adhesive-bonded single-lap joint explained by J. G. Williams™, the mode
| strain energy release rate, Gy, is given as below.

_ 12M?

_ Eq. 5-6
1= R q

Where E; is Young’s modulus of substrate, h is the thickness of substrate, M is the bending moment
per unit width on joint overlap which is induced by applied load and can be given in,*

KP(h +t,)
M=—— % Eq. 5-7
2w a
W is width of the substrate, t, is adhesive layer thickness, P is applied load, K is the bending moment
factor which can be given in

K = Eq. 5-8
1+ec q
Where c is half of the joint overlap length and ¢ is given in
1
e ( P )2 Eq. 5-9
wx
Where X is the bending stiffness per unit width, which is given in
X = Esh® Eq. 5-10
T 12(1 —vd) a
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Where v, is Possion’s ratio of substrate. And G, can be expressed by the equation considering crack
length a, through the reduction of effective overlap length c, as shown in below.

oo 12 (P(h + ta))z( 1 ) o511
"7 Esh3 2w (1 +e(c— a))2 ’

Some parameters regarding joint geometry used in equations are shown in Fig. 5-25. In Curley’s study,
this relation has been used for fatigue life prediction of boned joint using measured crack length
during laboratory test.

al 1l

Fig. 5-25. Joint geometric parameters

The mode Il energy release rate of single-lap joint can be considered in a simplified way using
compliance method. The adhesive layer thickness was ignored during calculation. In the case of load
control, the displacements under a constant load of a single-lap joint with initial crack length a before
and after crack increment of da can be expressed as

P a N P  ba Eq. 5-12
= — % — ) —— . B-
WD =3 5 T T E, a
(a+ 8a) P +6 Eq. 5-13
= —— %k — % . 5-
u(a + éa AN (a+da) q
The compliance 6C during crack propagation can be given as
da) — 1)
= u(a+ da) —u(a) _ a Eq. 514
P 2hWE,
The mode Il energy release rate of single-lap joint G, can be expressed as
P? &C P?
G” == - = Eq 5-15

oW " sa ahwWZE,

In the case of this study, the sensing system showed potential in real-time detection of crack in
bonding area in joint, so the measured crack length may be employed to evaluate the fracture
condition of joint in real-time. The data in cyclic test was used for a demonstration in this section.

The crack growth rate da/dN is calculated and shown with respect to load cycle in Fig. 5-26
considering both crack 1 and crack 2. The da/dN was calculated using fitting curve of crack length
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versus load cycle. And crack length data before 27500 cycle was discarded to avoid high order of
fitting equation. And the Eq. 5-11 is used to calculate the potential energy release rate of the joint
specimen during cyclic load test (because the test is carried out by load control) using the crack length
estimated based on strain distribution. The calculated mix-mode G versus load cycle is shown in Fig.
5-27. The calculation considered both crack 1 and crack 2, and the strain energy release rate in mode |

and Il.
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Fig. 5-27. Calculated potential mix-mode energy release rate of joint specimen in cyclic load test

In the equation provided for calculation of potential energy release rate of joint, besides parameters
regarding the joint geometry, there are another two parameters need to be measured, the crack length
and applied load. In our case, the crack length can be measured by the sensing system, but the applied
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Fig. 5-26. Crack growth rate of joint specimen in cyclic load test
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load is obtained from the test machine controller. However, in practical situation when joint is in
service, the information of applied load on joint may be difficult to get, and if the load can be
measured or estimated by the embedded OFS measurement, then the potential energy release rate can
be calculated based on the measurement of one embedded OFS and it will be very helpful for the
real-time evaluation of joint fracture condition. Although there is no further investigation, we suppose
that, when the length of adherend is very long comparing with the joint overlap length, the strain on
adherend far away from the overlap may be depends only on applied load and the crack length can do
very little influence on it. In that case, the applied load may be calculated based on analyzing the strain.
And if the OFS is embedded both in overlap area and on adherend, it may be used to measure the
crack length and calculate applied load, and the strain/potential energy release rate may be estimated.

5.3.3.  Crack area detection for adhesive-bonded joint

The adhesive-bonded joint-lap joint discussed in this study has the longer overlap length comparing
with overlap with. However, in real structure, the adhesive-bonded lap joint is also used to join the
adherends long in width, in that case the overlap width will be much longer than overlap length. As an
example, the cross section of modern wind turbine blade is shown in Fig. 5-28, the leading edge and
trailing edge are connected by adhesive-bond joint™, and the two edges are the lap joint with long
overlap width and relatively short overlap length.

Downwind side

Towards tip
Trailing edge

Aerodynamic

Leading edge shell

Upwind side

Main spar
(load carrying box)

Sandwich panel .
Adhesive layer

Flange
Core <_— (load-carrying laminate - compression)

Adhesive layer ~ Adhesive joint

(sandwich) Flange
(load-carrying laminate - tension)

Fig. 5-28. Design of modern wind turbine blade
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The strain distribution monitoring and damage detection methods developed in this study are effective
for the joint with short overlap width, but they may not be effective in joint with long overlap width.
Thus in this section, a brief discussion and test proposal were made.

At first, let’s review the damage detection method introduced in this study. As the schematic diagram
shown in Fig. 5-29, the FBG was embedded in middle in width in surface of adherend in the
adhesive-bonded single-lap joint, and the addressed damage was the crack initiates at overlap end and
propagates towards overlap center in bonding area. And because the overlap width of the joint is short,
the crack front location and crack length in overlap width direction can be considered to be uniform,
although the failure surface of specimen in cyclic load test indicated that the crack front propagated
non-uniformly and the crack length in middle in overlap width (location of embedded FBG) was not
equal to crack length at overlap edge, the crack length detected by embedded FBG can be used to
describe the crack condition in joint because the difference is small.

A

Embedded FBG /

Bonding area ——|

/

—

Crack area

Fig. 5-29. Schematic diagram of joint and crack in this study

However, as the cases shown in Fig. 5-30, when the lap joint is long in overlap width and the crack
front is significantly non-uniform, the situation may occur that the crack lengths along overlap length
detected by embedded FBG are the same for the two cases but the crack area in bonding area for two
joints are very different. In that case, our method cannot provide proper damage detection.

Fig. 5-30. The lap joint with long overlap width

There is a proposal to solve this problem by our sensing system, the strain distribution in overlap
width direction was used as the indicator to measure the dimension of crack in overlap width direction.
And the FBG is good at measuring longitudinal strain distribution, it may be embedded into adhesive
layer along overlap width direction in the joint. The reason of why not embedded FBG into adherend
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is that, the fiber direction of unidirectional composite adherend is along the overlap length direction to
achieve better tensile strength, if the OFS is embedded perpendicular the fiber direction in composite,
the strain/stress field in embed area may be complex and the OFS measurement may be influenced.
Based on the assumption above, FEA was carried out to see if it is feasible and to find out the better
embedded position for OFS. The schematic diagram of FE model for analysis is shown in Fig. 5-31, the
joint geometry is the same with the joint used in this study, the length and width of overlap are 25 mm
and 20 mm respectively, the rectangular crack area’s dimension in overlap length and width direction
are 5 mm and 10 mm respectively. The OFS is assumed to be embedded in three paths in adhesive
layer, the distance in overlap length direction between paths and overlap end are 12.5 mm, 9 mm and 3
mm for path 1, path 2 and path 3 respectively. The strain distributions on three paths when joint is
subjected to 400 kgf tensile load are shown in Fig. 5-32, Fig. 5-33 and Fig. 5-34 respectively. The
horizontal axis indicates position in overlap width direction, the vertical axis shows the strain on each
position. It can be seen that, on path 3 the strain distribution varies around the edges of crack area, and
compared with the other two paths, path 3 shows significant strain change in crack area.

Path location

=]
=5
—
=

20

Fig. 5-31. FE model for analysis and measurement paths
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Fig. 5-32. Strain on z direction on path 1
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Fig. 5-34. Strain on z direction on path 3

Therefore, we suppose that, the OFS can be embedded in adhesive layer in overlap width direction,
and when the crack propagates across the OFS, by measuring longitudinal strain distribution on OFS
the edges of crack can be detected and combining with the crack length obtained by OFS embedded in
overlap length direction, the crack area can be detected.

In order to test this method, the joint specimen with artificial crack may be employed because it is
difficult to control the crack area shape during test. And as the preparation work, we have made
progress on inserting artificial crack in joint. As an example, the failure surface of an adhesive-bonded
joint specimen with artificial crack in adhesive/adherend interface is shown in Fig. 5-35, the artificial
crack area indicated by red border can be clearly observed.
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Artificial crack area

Fig. 5-35. Failure surface of joint with artificial crack

5.4. Summary

A crack detection method based on analysis of strain distribution in adhesive-bonded joint was
proposed. The cracks occurred in cyclic load test were estimated by strain distribution measured by
embedded FBG, the crack detection method was proved to be effective. The irregular FBG spectra
around crack fronts were discussed, as the result, the peel stress concentrated at overlap end and crack
front was not the reason, and the reason was considered to be the sharp strain variation. The relation
between strain growth rate and shape of irregular spectra was investigated, and the relationship was
employed to estimate the crack length based on examining FBG spectra.

Three subjects for future study were proposed with preliminary work. The sensing technique
developed in this study was considered to have potential in these subjects, and through the
investigations the applicability of the sensing technique can be improved.
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Chapter 6

Conclusions

This study tried to develop an SHM method for adhesive-bonded joints using OFS in aspects of
sensing system development, sensor embedment method and damage detection method. Through
experiments and result analysis, the SHM method developed in this study was proved to be effective
for monitoring strain distribution and detecting cracks in adhesive/adherend interface for
adhesive-boned single-lap joints.

In chapter 3, considering study objectives, study objects and OFS sensing techniques, the dynamic
distributed sensing system based on OFDR using long length FBG was designed, developed and
evaluated. For the system design, specifications on sampling rate, measurement range and spatial
resolution were made. And after development, the spatial resolution of developed system based on
specification was proved to be less than 1 mm by simulation.

In chapter 4, an embedment method of OFS for adhesive-bonded joints made of composite material
was developed. By using this method, the long length FBG was successfully embedded into
adhesive/adherend interface of an adhesive-boned single-lap joint made of unidirectional CFRP.
During embedment process and the following tests, no strength loss of the joint or function loss of the
sensor was found, and the embedment provided effective protection for FBG during measurement.
Since the embedment location of FBG in CFRP adherend can be controlled and observed, the
three-dimensional FE model of joint specimen with embedded FBG was built according to the real
condition. By using this model, the detailed information in fiber core of embedded FBG was obtained.
Through comparison of analysis using detail FE model and old model, we believe that the detailed
model with embedded FBG can evaluate the mechanical condition more accurately and help us to
have the better understand on the FBG measurement.

The joint specimen with embedded FBG was subjected to static and cyclic load, the developed
dynamic distributed sensing system was employed for dynamic measurement of strain distribution.
The measurement accuracy was confirmed to be good both in static and cyclic load test by FEA. The
FWHM center wavelength determination method showed the better spatial resolution, but the centroid
method was employed in this study for dynamic measurement for the better stability for long-period

measurement.
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The sampling rate of developed sensing was evaluated using the strain gauge sensing system as
reference in cyclic load test. The constant phase difference growth rate in measurements by two
systems was found, which means during measurement, the sampling rate of developed sensing system
was as stable as the reference system.

In chapter 5, a crack detection method based on analysis of strain distribution in adhesive-bonded joint
was proposed. In order to confirm the detection method, the cracks occurred in cyclic load test were
estimated by strain distribution measured by embedded FBG, the crack detection method was proved
to be effective.

The irregular FBG spectra around crack fronts were observed and discussed, as the result, the peel
stress concentrated at overlap end and crack front when joint loaded in tension was not the main
reason, and the main reason was considered to be the sharp strain variation in that area. The relation
between strain growth rate and shape of irregular spectra was investigated, and the relationship was
employed to estimate the crack length based on examining FBG spectra.

Three subjects for future study were also proposed with preliminary work and discussion.

The sensing technique for SHM method of adhesive-bonded joint was developed and tested in
experiments. The strain distribution in adhesive-boned single-lap joint specimen was successfully
monitored, and the crack in adhesive/adherend interface was successfully detected based on analysis
of measured strain distribution. This sensing technique can be employed in SHM system for
adhesive-bonded joint for automatic in-service structural/mechanical condition assessment and
automatic damage detection.

Through this study, the author became more faithful on that, the OFS distributed sensing technique is
very promising for SHM of adhesive-bonded joint, there are more things the OFS can achieve. The
applicability should be improved through not only the three subjects introduced in chapter 5 but also
more innovative and practical ideas.
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