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New optical fibres can measure strain with high accuracy along their entire length. This thesis
shall explore how these fibres can be used as health monitoring systems for composites. The
fibres shall be first calibrated against conventional strain measurement methods. Further the
accuracy of measuring strain concentrations caused by defects shall be established. Finally
the method shall be applied as a health monitoring system in simple composite structures.
Methods for reliable transfer of the optical strain signal out of the specimens shall be
developed.

The thesis should include the signed problem text, and be written as a research report with
summary both in English and Norwegian, conclusion, literature references, table of contents,
etc. During preparation of the text, the candidate should make efforts to create a well
arranged and well written report. To ease the evaluation of the thesis, it is important to cross-
reference text, tables and figures. For evaluation of the work a thorough discussion of results
is appreciated.

Three weeks after start of the thesis work, an A3 sheet illustrating the work is to be handed
in. A template for this presentation is available on the IPM’s web site under the menu
“Undervisning”. This sheet should be updated when the Master’s thesis is submitted.

The thesis shall be submitted electronically via DAIM, NTNU’s system for Digital Archiving
and Submission of Master’s thesis.
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Tensile load at adhesive yielding

O Fig. 27.5
Adhesive shear stresses in a metal/composite double-lap joint for the case where the composite
has a lower longitudinal stiffness than the metal (Ei t < Em tm) under a tensile load and a thermal
load, at adhesive yielding (i-,) (Adapted from Hart-Smith [1973])

27.2.4 Overlap

Increasing the joint width increases the strength proportionally. However, the effect of the
overlap length depends on the type of adhesive (i.e., ductile or brittle) and on the adherend
yielding strength. Three cases should be considered: elastic adherends (e.g., high-strength steel)
and ductile adhesive, elastic adherend and brittle adhesive and adherends that yield. For elastic
adherends and ductile adhesives (more than 20% shear strain to failure), the joint strength is
approximately proportional to the overlap. This is because ductile adhesives can deform
plastically, redistribute the stress as the load increases, and make use of the whole overlap. In
this case the failure criterion is the global yielding of the adhesive. For adhesives with
intermediate ductility, the adhesive fails because the strain in the adhesive at the ends of the
overlap reaches the adhesive shear strain to failure (see 0 Fig. 27.8). For elastic adherends and
brittle adhesives, the joint strength is not proportional to the overlap and a plateau is reached.
This is because the stress is concentrated at the ends of the overlap and a longer overlap does

<Em tm

_______ _______

Metal

Composite

Metal
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Inside taper and adhesive fillet

Fig. 27.13
Adherend shaping

Hildebrand (1994) did similar work on SLJs between fiber-reinforced plastic and metal
adherends. The optimization of the SLJs was done by modifying the geometry of the joint ends.
Different shapes of adhesive fillet, reverse tapering of the adherend, rounding edges, and
denting were applied in order to increase the joint strength. The results of the numerical
predictions suggest that, with a careful joint-end design, the strength of the joints can be
increased by 90—150%.

The use of internal tapers in adherends in order to minimize the maximum transverse
stresses at the ends of bonded joints has also been studied by Rispler et al. (2000). An
evolutionary structural optimization method (EVOLVE) was used to optimize the shape of
adhesive fillets. EVOLVE consists of an iterative FE analysis and a progressive removal of
elements in the adhesive which are low stressed.

Other examples of joint-end modifications for joint transverse stress reduction but using
external tapers are those of Sancaktar and Nirantar (2003) and Kaye and Heller (2005). Kaye
and Heller (2005) used numerical optimization techniques in order to optimize the shape of
the adherends. This is especially relevant in the context of repairs using composite patches
bonded to aluminum structures (see 0 Sect. 27.5) due to the highly stressed edges.

Tapers (internal or external), or more complex adherend shaping, are excellent methods to
reduce the peel stresses at the ends of the overlap and, therefore, to increase the joint strength.
Internal tapers with a fillet seem to be the more efficient way to have a joint increase, especially
with brittle adhesives and when composites are used. The FE method is a convenient technique
for the determination of the optimum adherend geometry; however, the complexity of the
geometry achieved is not always possible to realize in practice.

27.3.4 Other Geometric Solutions

Other complex geometrical features such as voids in the bondline, surface roughness, notches
in the adherend, etc. can be used to increase the joint strength. Again, the FE method should be
used to find the optimum adherend geometry, bearing in mind that the complexity of the
geometry might not be practical (see 0 Fig. 27.14).
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6**(! -%!1%6"-%+! -)*! /4-7)! <%+! 462! 3+%$"63! (*<*7-0;! \%+! -)"0! /&+/%0*! "-! "0! 6%-!
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1*40&+*(!0-+4"6?!8&-!"6!/+47-"7*!4!7)463*!"6!'*63-)!$%&'(!8*!(&*!-%!+*/4"+"63!%<!
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Abstract 
Knowing the strains and stresses in an adhesive joint is critical for the understanding and 
proper modeling of adhesive joints. To find a good method for measuring this has been a part 
of the work done by FP7 Co-Patch research program. Since the adhesive is sandwiched 
between the adherents the strains in the joint areas are difficult to measure. Movements of the 
entire joint can be measured with displacement transducers or crack opening can be 
measured with clip gauges. But these methods only allow an indirect evaluation of the 
conditions in the adhesive joint. 
 
 
1 Introduction 
Most large steel engineering structures will develop some cracks during their lifetime. Usually 
these cracks are repaired by welding, but in some cases the hot work associated with welding 
makes the welding repair unattractive. Examples are Floating Production and Storage 
Offshore units (FPSO) or tank ships, where hot work could cause fire and explosions [1,2]. 
Welding can only be done if production is shut down and all oil and gas is removed. Similarly 
electrical cables or other coatings on cruise ships may suffer from the hot work. 
Infrastructures like bridges are also often difficult to weld. 
A method to avoid welding is patching with composite laminates. In this case the crack or 
corroded area is bridged by a patch made of a composite laminate. Stresses are transferred 
around the defect by the laminate, preventing the crack in the metal from growing further. The 
patch repair can be done without any hot work. A schematic of a patch repair is shown in the 
upper part of Figure 1. The crack in the metal is bridged by the composite patch. An adhesive 
layer lies between the composite patch and the metal. If the patch is made of carbon fiber 
composite the adhesive layer is usually called a galvanic corrosion protection layer. It is filled 
with a glass mat, ensuring that there is no electrical contact between the carbon fibers and 
steel that could lead to galvanic corrosion. 
The main technical challenge is designing and producing a strong and durable adhesive joint 
between the steel and composite. The joint studied here was a carbon fibre laminate patched 
over a cracked metal I-beam. This type of test has been used successfully before to 
characterize joints [1,2] and it has been adopted recently in DNV´s recommended practise for 
composite patch repairs [3].  
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Getting a better understanding on how adhesive joints work and eventually fail will be 
essential for wider use of this technology, especially long term use in critical application. A 
good method is needed to measure strains in the adhesive joint system during an experiment. 
These measurements can be compared to stress analysis done by the finite element method 
allowing improvement of modeling techniques leading to better designs. The strain 
measurement system investigated here is an optical fiber coupled to an Optical Backscatter 
Reflectometer (OBR). The optical fibre was glued onto the top surface of the patch, and 
embedded inside the patch between the galvanic protection layer and the carbon fibre 
laminate. Strains could be measured continuously along the entire length of the optical fiber. 
 
2 Strains in an adhesive joint 
It is well known that adhesive joints work by transferring shear through the adhesive layer 
from one substrate to the other. The shear stress has typically a stress concentration at the 
edges of the adhesive joint and lower shear stresses in the middle [4,5]. The shear stress 

concentrations are also present at the mouth of the crack in the metal, as shown in Figure 1. 
The system can be seen as two adhesi  
It is not possible to measure shear stresses directly. But the shear stresses cause axial stresses 
and strains in the adhesive interface and the composite patch laminate. These axial strains can 
be measured by the optical fiber, as shown on the bottom of Figure 1. Any change in the shear 
stress distribution due to damage development will result in changes of the axial strain. It is 
also important to note that the axial strains will change through the thickness of the laminate. 
Adhesive joint models analyze typically the stresses right at the interface. Going away from 
the interface towards the surface of the patch the strain concentrations will be reduced due to 
redistributing stresses by interlaminar shear. 
 

 
F igure 1. Shear and strain stress distribution between the galvanic layer and composite patch. 
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3 Optical Backscatter Reflectometer 

Fibre bragg grating (FBG) and especially electrical strain gauges are well known and 
acknowledged methods to measure strains locally on a structure or specimen. It is difficult to 
decide where to place the strain measuring points. The strain concentrations shall be evaluated 
and compared to smooth far field strains. However, it is not known in advance where the 
strain concentrations will be if damage develops and moves them. The system used here 
allows continuous strain measurement along the optical fibre making the placement much 
easier. 
The system is called Optical Backscatter Reflectometry (OBR) and consists of a tunable laser 
source and an Optical Frequency Domain Reflectometer (OFDR), used to measure the 
Rayleigh backscatter, in an interferometry setup [6]. Interferometry enables the system to 
measure the amplitude and the phase of the Rayleigh backscatter and with the help of Fourier 
transform [7] they are able to get information about changes in the backscatter profile and the 
position along the length of the fibre [8]. The use of multiple wavelengths in swept 
wavelength interferometry (SWI) enables the system to achieve high spatial resolution of the 
measurements.  
The Rayleigh backscatter profile of fibre optic cables is a result of a heterogeneous reflective 
index, randomly distributed along the length of the fibre. This is a result of the manufacturing 
of the fibre and is unaltered until any external stimulus (like strain) causes a temporal and 
spectral shift locally in the backscatter pattern [6]. These shifts are used to calculate the 
changes in strain along the length of the cable when compared to the unstrained reference 
state.  
 
4 Experimental method 

Four point bend testing was used to measure the strains in the patch. An IPE100 beam was 
tested with a composite patch repairing a pre-made crack in the top flange. The loading span 
was ! of the support span. The width of the support span was 800 mm and the load span was 
400 mm (see Figure 2). The shear web will achieve low shear stress and constant moment 
between the load span. 

 

F igure 2. Experimental setup for a 300mm patched IPE100 beam with four point bending and 1/2 loaded. 
 
The thickness of the carbon laminate was calculated to achieve the same stiffness as the 
cracked flange. The laminate was tapered at both ends to reduce peel stresses. The stresses 
will be highest near the opening of the crack in the metal beam. The fiber direction of the 
laminate was unidirectional, with the fibers running along the long axis of the beam. 
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The fiber optic cable was embedded between the carbon laminate and the galvanic protection 
layer, and it was attached to the surface of the patch. In addition, four electrical strain gauges 
were attached to the surface of the patch to compare the strain at these positions with the 
strain measured by the fiber optic cable. 
 
 

 
F igure 3. Experimental setup at NTNU Fatigue lab of the patched IPE100 beam. 

 
5 Materials 
5.1 I-Beam 
The beam used for the experiment is a 1m long PE100 beam with steel grade S355J2 [9]. A 
20 mm long crack was machined in the middle of the top flange, i.e. 500 mm from the side. 
The crack passes through the top flange, and barely into the shear web, where it is terminated 
by a 6 mm diameter hole. A broach was used to reduce micro cracks around the hole. 
The bonding area of the patch was cleaned according to ISO procedure [10], and grit blasted 
with a surface quality of SA 2!. The surface roughness was  
 
5.2 Patch 
The grit blasted area was coated with a chopped strand matt (CSM) right after the surface 
treatment. This coating works as a galvanic protection layer, and the fiber optic cable for the 
OBR is applied at the middle of the flange over the whole patch length (300 mm). The patch 
was applied with a vacuum assisted infusion process. 
 
6 F inite element analysis 
A numerical model of the patch repaired I-Beam was done in Abaqus 6.11-1. Linear 
Hexahedron C2D8R elements were used over the whole model, and the maximum element 
aspect ratio was below 9. Standard material properties were used for the I-Beam with 
plasticity characteristic from the I-Beam material certificate. The CSM was modeled with 
engineering constants without plasticity, and the carbon laminate with ply property 
engineering constants measured by the Co-Patch project according to the standards [11-14].  
Constraints between the three parts, I-Beam, CSM and patch are made with tie constraints. 
The parts are sharing the nodes, and parts are sectioned at the same places. Number of 
elements in patch are 13 440, galvanic protection layer 4560 and I-Beam 75 136, this gives a 
total of 93 136. 
Symmetry plane for the I-Beam is over the area yz-plane in the shear web and neighboring 
surfaces in same plane. Also under crack ligament in the shear web to the bottom flange, 
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patch and galvanic protection surfaces in z-direction have the symmetry over the yx-plane. 
The load span is fixed by the nodes in y-direction, and support span contribute with 
displacement in negative y-direction. A stress distribution in the length direction is shown in 
Figure 4. 
  

 
F igure 4. Numerical model for the patch repaired I-Beam. S11is stresses in z-direction. 

 

7 Results 
Testing of the I-Beam was done with 0.3 mm/min in displacement control. With this 
displacement speed, it was possible to do measurements with the OBR without holding the 
test. Measurements were done with the OBR every 10kN. Presented here is the comparison of 
measurements at two load levels: one within the linear elastic area, and one closer to failure 
and plastic behavior. Measurements done with strain gauges are presented live during the 
loading of the test, but results from the OBR are ready after some post processing. 
 
7.1 Reading at 71 kN 
The strain measurements from the optical fibre on the surface of the patch coincide well with 
both the FE-analysis and the electrical strain gauge readings. The strain gauge value at the 
crack is slightly higher than both the FE-analysis and the optical fibre. A reason for this is the 
5mm gauge length of the strain gauge, which reads the average value over the length, 

was displaced by 5 - 10 mm, hence the measurement with the optical fibre has an offset 
compared to the symmetrical FE-analysis. The positions of the strain gauge values are 
according to the placement on the patch surface measured from the center of the crack. 
The embedded optical fiber corresponds well with the FE-analysis, except directly over the 
metal crack.  
High strain gradients are a measurement challenge for the OBR. Too big changes will cause 
the cross-correlating algorithms for the spectral shift to fail. The result of this is sometimes an 
unrealistic value, seen as noise, but also entails uncertainty in the accuracy of the absolute 
value of the measurements at high stress concentrations. Improvements are achieved by post 
processing, but for the purpose of this comparison it is more interesting to evaluate the strain 
gradient leading up to the crack. 
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F igure 5. Strain in the patch at 71 kN. 

 
7.2 Reading at 138 kN 
The strain measurements of the optical fibre on the surface of the patch agree also here well 
with the strain gauge readings. However the FE-analysis deviates from the measured strain on 
the surface. The FE-analysis did not take into the account the possible degradation or cracking  
of the patch at the metal crack which is expected to happen at this high load. The spatial 
misalignment between the FE-analysis and the measurement by the fiber optic cable and the 
electrical strain gauges is probably due to a displacement of the patch, where the patch center 
is to the right of the crack. 
The strain field of the embedded optical fibre is wider than the FE-analysis. This is due the 
effects of damage appearing at the crack tip, which has not been a part of the FE-analysis. 
Future work will look into nonlinear FE analysis using progressive failure analysis to simulate 
damage growth. This should help to explain how the strain field changes with damage 
development. However, it is already clear now, that the optical strain field measurement can 
be used to monitor damage development. 
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F igure 6. Strain in the patch at 138 kN. 

 
8 Conclusion 
The four point bend test has successfully been used to evaluate the repair of a cracked steel 
beam with a composite patch. The strain on the surface of the patch could be measured 
continuously with the optical back scatter method. The optical strain measurements agreed 
with local strain data obtained from classical electrical strain gauges. Strain could also be 
measured along the length of the sample with an embedded fiber inside the repair laminate at 
the interface between the load bearing patch and the galvanic protection layer. The strain 
measurements show that strains differ inside and outside the patch indicating that a 3-D 
analysis of the stress state in the patch is important.  
The strains at low loading obtained from the simulations agreed well with the measured 
strains both inside the joint and on the surface. At high loads the shape of the experimentally 
measured strain field changed. The changes are understood to be caused by damage 
developing in the composite. This damage was not modeled by the linear finite element 
analysis. Progressive nonlinear failure analysis will most likely be able to relate damage 
development and observed changes in strain. 
It is encouraging that the strain measurements pick up changes in the strain field. This method 
should have a good potential to be used as an early warning of damage developing inside the 
patch that could eventually lead to failure. 
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The!"#$!%&'' is the latest model of Luna 

Reflectometer  product line. Designed for 
component and short-run network testing and 
troubleshooting, the OBR 4600 enables ultra-high 
resolution reflectometry with backscatter-level 
sensitivity. With spatial resolution as fine as 10 
microns, zero dead-zone, options for integrated 
temperature and strain sensing and extended 
device length mode, the OBR 4600 offers the 
ultimate in fiber diagnostics. 
 
!"#$%&"!"'()*"&+,&!#'-")./0.1/0.($)

 -130 dB sensitivity 
 70 dB dynamic range 
 2 kilometer length range with no dead-zone 
 Micrometer resolution up to 70 meters 
 < 0.05 dB insertion loss resolution 

2"3)+"#(%&"$)#'4)*&,4%-()./0.1/0.($)
 Easily locate, identify and troubleshoot macro-
bends, splices, connectors and breaks 

 Locate Insertion Loss points at every point in the 
network or assembly  eliminate cut-back 

 Look inside components to evaluate each interface 
for RL and IL 

 Measure 30 m with 10 µm resolution in less than 7 
seconds 

 Continuously measure a 1 m segment at up to 3 Hz 
 Test and troubleshoot short-run networks (<2 km) 
 Automate pass/fail verification of fiber assemblies 
 Monitor distributed temperature and strain profiles 
along network or inside a component or module 

 
 
 
 

,*(/-#1)5#-2$-#(("&)&"+1"-(,!"("& ) 
(Model OBR 4600) 

666789:;<=>?:@8@AB=C7>@D)
3157 State Street  |  Blacksburg, VA 24060 

+1.540.961.5190  |  Fax: 1.540.961.5191 
solutions@lunatechnologies.com 
Support phone: +1.866.586.2682 

The OBR 4600 offers unbeatable testing 
and troubleshooting capabilities now at 
unprecedented measurement speeds. 
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PARAMETER SPECIFICATION UNITS 
!"#$%&%'()*$+)',)-./01 

     Standard Mode 30 or 70 meters 
     Long Range Mode10 2000 meters 
23"/$"4'5)674&/$7-'8/97:37$-/;

<
1 

 10 µm over 30 meters 
 20 µm over 70 meters 
 1 mm over 2 km 
()"='>7-)1 
' Equals 2-pt spatial resolution 
?"*)4)-./0'5"-.)

@
1 

' 1265-1335 or 1525-1610 nm 
?"*)4)-./01'

     Resolution (max) 0.02 pm 

     Accuracy3 ±1.5 pm 
A-/).B"/)='5)/&B-',766'C0"B"+/)B$6/$+61 
     Dynamic range4 70 dB 
     Total range 0 to -125 dB 
     Sensitivity -130 dB 
     Resolution ±0.05 dB 

     Accuracy ±0.10 dB 
A-/).B"/)='A-6)B/$7-',766'C0"B"+/)B$6/$+61 
     Dynamic range5 18 dB 
     Resolution ±0.05 dB 
     Accuracy ±0.10 dB 
DB7&3'()4"E1 
     Accuracy 1.0 ps 
($6/B$F&/)='2)-6$-.

GH<IH<<
1'

     Spatial Resolution ±1.0 cm 
     Temperature Resolution ±0.1 C 
     Temperature Accuracy7 ±0.2 C 
     Strain Accuracy7 ±1.0 µstrain 
!)"6&B)%)-/'J$%$-.

K''''''
''''''''''''' 2/"-="B=' L"6/

M
' 237/'2+"-

M
' '

     5 nm scan time  3 1.6 0.3 s 
     Time vs. wavelength range 2.1 s+0.14 s/nm 1.3 s+0.06 s/nm 0.15 s+0.02 s /nm - 
     Long Range (2 km) Scan Time 20 s 

 Specifications are for single-mode operation. 
For multimode operation, specifications are nominal. 
1 Over entire length range. 
2 Ranges are nominal. 
3 Accuracy maintained by an internal NIST-traceable HCN gas cell. 
4 For the 2000 m option, return loss dynamic range is 60 dB. 
5 The insertion loss dynamic range is the one-way loss that can be suffered 
before the scatter level of standard SMF (~ -100 dB/mm) is lower than the 
noise floor (~ -118 dB/mm). 
6 Distributed sensing uses Rayleigh spectral shift method and is relative to 
reference scan. 
 

7 Temperature and strain accuracies are calculated from spectral shift of 
Rayleigh scatter using 1 GHz = 0.8 C. [Othonos and K. Kalli, Fiber Bragg 
Gratings (Artech House, Boston, 1999)]. Spatial resolutions listed are ideal to 
get the Temperature and Strain Accuracies listed; they are not minimums or 
maximums. 
8 Combined scan and analysis time in high-resolution mode. Times are for 
30 m scan mode.  
9 Times are with laser tuning speed set at 100 nm/s.  
10 Extended range mode and distributed sensing are upgrade options.  
11Maximum sensing length is 70m. 
 

CLASS 1 LASER PRODUCT 

NO5'PGII'
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!"#$%&"'"()*+,',(-*.(/0&'#),0(*

Time per scan vs. scan wavelength 
range for 30 m scans in standard 
operating, fast scanning and 
continuous spot scanning modes. 

Time per scan vs. scan 
wavelength range for 70 m 
scans in standard operating, 
fast scanning and continuous 
spot scanning modes. 

 
Wavelength 
Range (nm) 

 
Spot Scan Rate (Hz) 

 30 m mode 

  
Spot Scan Rate (Hz) 

70 m mode 
5 3.7 2.9 

10 2.7 2.0 
20  1.8 1.2 
40 0.9 0.6 
80 0.5 - 

 

Scan repetition rates at various 
scan wavelength ranges for 
continuous spot scanning in 30 
m and 70 m modes of 
operation.  Rates are for laser 
tuning speed set to 100 nm/s. 
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