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Abstract

[nvestigations on the use of fibre reinforced plastic (FRP) composites to strengthen and re-
inforce civil concrete structures have been found increasingly in recent years. Lightweight
and high-strength FRP plate or sheet is laid up on the concrete surface to maintain structural
integrity and increase load carrying capacity of deteriorated or aged concrete structures.
Meanwhile, the optimisation on the design of using the materials in FRP concrete strength-
ening with high strength efficiency, low manufacturing and labour costs, long serviceability
life and minimum traffic interruption becomes an important issue in the civil and construc-
tion engineering applications. In addition, the development on the structural health moni-
toring system for a structure, which is strengthened by the FRP materials is also significant

for inspecting the subsequent damages.

Current study aims to investigate the mechanical behaviours of concrete structures. which
are strengthened by the FRP materials on the concrete surface subjected to international
standard test. The scope of the study also includes the development of smart structure health
monitoring system for these strengthened structures by embedding fibre-optic Bragg grating
(FBG) sensors inside the concrete and at the interface between the concrete surface and ex-

ternally bonded composite materials.

An extensive review is given to discuss the present practice on the utilisation of the FRP
materials in the civil concrete applications. Materials, configurations of the structures. qual-
ity control and manufacturing methods for the FRP strengthened concrete structure were
also reviewed. Another focus was placed on the adaptability of using the embedded optical
fibre sensor as strain- and temperature-measuring devices in engineering applications. The
survivability and mechanical performance of the FRP and optical fibre sensor in harsh envi-

ronments were also addressed.
Following the comprehensive review. several results from preliminary experimental studies

are given. These studies include fundamental mechanical property tests for the concrete.

composite and interfacial bonding behaviour of composite plate with an embedment of opti-
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cal fibre. The results from the lap joint shear test for the composite-concrete bonded joint

shows that an epoxy resin can provide a strong bonding characteristic to the concrete mate-

rials.

Mechanical behaviour of composite-wrapped concrete structure was investigated. The labo-
ratory-sized concrete cylinders were wrapped around its circumference by glass fibre com-
posite laminates. The composite-wrapped concrete cylinder was then subjected to the uni-
axial compression load. Several effects on the composite-wrapped system were also investi-
gated through experimental work and numerical analysis. In the experiment. it was found
that the load carrying capacity of the wrapped cylinder increases with increasing the number
of laminate layers. Splitting failure occurred at both ends of wrapping laminate and con-
tinuously propagated toward the mid-height of the cylinder. Numerical analysis using the
finite element method (FEM) interpreted the strengthening efficiency and failure mecha-
nisms of the composite-wrapped concrete structure with different wrapping dimensions.
material properties and thicknesses. The maximum load carrying capacity of the composite
wrapped cylinder increases with increasing the wrapping size, thickness and modulus of the
wrapping material while the maximum hoop stress in the wrapping material increases at
both ends of the wrapping laminate. However, the negative hoop stress in the wrapping
material occurs when using high modulus and thick wrapping laminate. Optimised design

can be achieved by using the FEM analysis.

Composite-bonded rectangular concrete beams (with/without crack formation at mid-beam)
subjected to the three-point bending were investigated through experimental observation.
analytical and numerical approaches. Glass fibre composite plates with different bonding
lengths and thicknesses were adhered on tension or shear surfaces of the beam in order to
investigate the mechanical behaviour of the whole composite-strengthening svstem. Flex-
ural-cracks in the concrete and debond at the interface between the concrete and composite
were observed during the test for long plate-bonded structures. For short piate bonded
structures, crack was initiated at plate end region in the concrete. The strengthened beam
was then failed catastrophically. No debond at the interface between the concrete and com-
posite was found for the thick and short bonding length system. The overall performance of

the composite-strengthened deam was better than that of the piain beam in term ot tiexurai
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strength properties. Wet lay up technique gave higher ultimate flexural strength than the
pre-cured plate-bonded method for the composite strengthened beam. For a notched con-
crete beam with an injection of epoxy resin, the modulus and ultimate strength were slightly

increased compared with the plain beam.

Linear elastic analytical model was derived to investigate adhesive shear and peel-off
stresses with different strengthening plate geometries and material properties for the com-
posite-strengthened structure. The results show that the adhesive shear and peel-off stresses
increases with increasing the plate modulus and thickness. Theoretical prediction in deter-
mining the stress intensity factor (K) for the strengthened structure was also conducted. The

K decreases with increasing the strengthening plate thickness and modulus.

The adaptability of using embedded fibre-optic Bragg grating (FBG) sensor for strain meas-
urement was investigated experimentally. The FBG sensors were embedded at the interface
between the concrete and composite in both the composite-wrapped and plate-bonded con-
crete structures. Externally bonded strain gauges were adhered on the surface of the com-
posite to compare the strain measuring results from the sensors. Four-cylinder theoretical
model was established to determine the stress transferring properties and minimum embed-
ding length for the embedded sensor. The theoretical prediction reveals that the axial strain
measured at the fibre core region of the sensor is lower than the true strain of th- host mate-
nial if using the embedding sensor with thick adhesive layer and short plate bonding length.
Experimental results also show that the surface mounted strain gauge could not detect the
true strain of the host material when debond at the interface was happened. However. the
embedded sensor could give signal to the operator that the structure was operated in strange

condition.

Environmental effect on composite-strengthened structures is one of the most important as-
pects in the application of the FRP. The mechanical performance of the plate bonded rein-
forced-concrete (RC) structures after immersing into the saline water. fresh water. acidic
(PH 4.01) and alkaline (PH 10) solutions for 6 months were studied. Experimental results
show that the overall flexural strengths of the composite-strengthened RC beam is increased
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RC beam is susceptible to acidic solution, a 24.8% drop in flexural strength was measured

for the beam submerged into PH 4.0 solution for six months.
Finally, conclusions and recommendations for the further study in the design of composite-

wrapped and plate-bonded structures, strain measuring system and installation process are

presented.
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Nomenclature

oy

Um

€4, €, &,
G4, Gr, O
£

Ti2

€1, &3

6:‘, ap

Tap

Ge

Oco

Oh. Cho

€0y Ec

GDQ Gp

Light reflective wavelength, nm.

Modulus ratio of the concrete and wrapping sheet.

Fibre longitudinal coefficient of thermal expansion.

Matrix longitudinal coefficient of thermal expansion.

Strain in the hoop, radial and fibre directions, respectively.

Stress in the hoop, radial and fibre directions, respectively.

Axial strain along the lengthwise direction of the fibre.

[nterlaminar shear strength, Pa.

Principle strains in the cross-section plane of the optical fibre core.
Adhesive shear strain.

Adhesive shear stress, Pa.

Peel-off stress of the adhesive material, Pa.

Relative displacements of adhesive layer and protective coating, m.

Shear stress in protective coating, Pa.

Bragg’'s wavelength, nm.

Axial stress in the fibre (optical fibre) core, Pa.

Compressive stress in the concrete cylinder at the middle of the cylinder. Pa.
Flexural strength. Pa.

Axial and maximum tensile stresses at the bottom of the beam, respectively.
Pa.

Moduli ratio of fibre and matrix, £/Eq

Light incident angle.

Change in length of a structure after loading, m.

Coefficient of both the thermo-optic component and thermal expansivity of
the optical fibre.

Axial strain in the host material (surrounding matrix) and fibre core.

Applied stress in the concrete beam and composite plate, respectively. Pa.
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Wp, W,
V['
Ep7 EC

va VC

= 0

L. I,

Axial deflections of wrapping sheet and concrete cylinder, respectively, m.
fibre volume fraction of composite.

Axial strains of the wrapping sheet and concrete cylinder, respectively, m.
Deflections of the composite plate and concrete beam, respectively, m.
Differential temperature of the composite.

Different temperature of the fibre core.

Compressive stress in the wrapping material at the middle of the cylinder,
Pa.

Light reflective angle.

Ultimate compressive stress of the concrete, Pa.

Wrapping coefficient of the composite wrapped concrete cylinder.

Crack length, m.

Cross section area of the concrete cylinder, m".

Extensional matrix.

Area ratio of the concrete and wrapping sheet.

Beam width, m.

Extensional-bending coupled matrix.

Beam depth. m.

Flexural matrix.

Modulus of the adhesive material, Pa.

Modulus of the concrete, Pa.

Effective modulus of the composite laminate. Pa.

Embedding length of the optical fibre, m.

Tensile modulus of the composite plate, Pa.

Beat frequency, Hz.

Concrete compressive strength, MPa.

Closing force in externally bonded composite plate. N.

Shear modulus of the adhesive matenal, Pa.

Depth of the rectangular concrete beam, m.

Moment of inertia of the concrete beam and composite plate. respectively.

4
m.

vii



K Stress intensive factor, N/m'3.

Ke Theoretical gauge constant, nm™.

ks Kink load of the plain concrete cylinder, N.

Ki. Ki, Kit ~ Mode [, IT and III stress intensity factors, N/m'3.

ko Kink load pf the composite wrapped concrete cylinder, N.

L Original length of the structure before loading, m;

Ls Wrapping length measured in the axial direction of the cylinder, m.

Lg Total length of the grating region, m.

My Bending moment along the beam, Nm.

M, M, Bending moment of the concrete beam and composite plate, respectively.
Nm.

€ Mechanical strain.

N Axial load in laminate, N.

n Light refractive index.

Ne, Np Normal force of the concrete beam and composite plate, respectively, N.

Nciadding Light refractive index in cladding material.

eore Light refractive index in fibre core material

Nest Effective light refractive index in grating region.

P Centre load for three point bending test, N.

P. Axial load in the concrete cylinder, N.

v Poisson’s ratio.

P, Axial load in the wrapping sheet, N.

Ppeak Peak load, N.

R Modulus of rupture, MPa.

Te Taps T Outer radius of the fibre core and protective coating, inner radius of the sur-

rounding matrix, respectively, m.
n [nner radius of the wrapping sheet or laminate. m.
Io Outer radius of the concrete cylinder, m.
Span of the test specimens. m.
Spatial pitch in grating region for fibre-optic Bragg grating system.

T Ambient temperature (°C).
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la Thickness of the adhesive layer, m.
b Thickness of the wrapping sheet or laminate, m.
Up, Ue Displacements of the concrete beam and composite plate in y direction, re-

spectively, m. ; Displacements of the protective coating and fibre core in fi-

bre longitudinal direction, m.

Xo Neutral axis of the composite strengthened cracked concrete structure. m.



TABLE OF CONTENTS

Acknowledgement
Declaration
Abstract
Nomenclature

Table of Contents

Chapter 1. Introduction
1.1. Aim and Objectives
1.2. Research Significance

......................................................................
...................................................................

1.3. Background

.................................................................................

Chapter 2. Literature Review

2.1. Advanced Composites for Concrete Rehabilitation and Retrofitting
2.1.1. Introduction

......................................................................

2.1.2. Composite Wrapped Concrete Columns  ..........cevveeeenerevneemneennnnnnnn.

2.1.3. Composite Strengthened Concrete Beams

...................................

2.1.4. Seismic Resistance

................................................................

2.1.5. Current Related Researches in Real-life Applications ..........................

2.2. Smart Structure

2201, INOdUCHON  oeieinit e,

2.2.2. Optical Fibre Sensors
2.2.2.1. Introduction

il
iii

vii



2.2.2.3. Fundamental theory of optical fibre

22.2.4. Fibre geometry .......c.coeeeeiennt
2.2.2.5. Aftenuation  ....eeieeiieeiinnen...

2.2.3. Fibre-optic Bragg Grating (FBG) Sensor

2.2.3.1. Introduction  ..........c.cceeeien...
2.2.3.2. Basic principle ...l
2.2.3.3. Multiplexing technique  ...........

2.2.3.4. FBG sensors for composite structures

2.2.3.5. FBG sensors for civil applications
2.2.4. Problems in Application

Chapter 3. Preliminary Experimental Study

3.1. Concrete

3.1.1. Sieve Analysis Test ~  ....ccoeennens
3.1.2. Uni-axial Compression Test ~  .......
3.1.3. Flexural Strength Test ~  ..............

3.2. Glass Fibre Composite

3.2.1. Uni-axial Tensile and Compression Tests

3.2.2. LapJoint Shear Test ~  ................

3.3. Concrete/glass Fibre Composite [nterface
3.4. Optical Fibre Embedded Composite Structure

34.1. Introduction ...
34.2. Short Beam Shear Test  ................
3.4.3. Flexural Strength Test ~ ................
3.4.4. Result Interpretation ...l

................

.................................

......................................

......................................

......................................

--------------------------------------

-----------------------------------

.....................................

......................................

......................................

--------------------------------------

......................................

.............................

.....................................

--------------------------------------

......................................

......................................

Chapter 4. Concrete Confined by Composite Wrap

4.1. Introduction o eeeaes

......................................

4.2. Plain and Notched Concrete Cylinders Wrapped by Glass Fibre Composites

42.1. Experimental Study  ................lC

i

32
37



422,

Results and DiSCUSSIONS  coeevrnieii i e eeceieeeeeeeneernnenens 58

4.3. Numerical Study on Composite Wrapped Concrete Cylinders

4.3.1. IntroduCtion  ..eeerneniiie e e 65
4.3.2. Characterisation of the Wrapped Concrete System  .............c.ccoiennnnn.. 65
4.3.3. Numerical Analysis
4.3.3.1. Finiteelementmodel ... 69
43.3.2. Axial deflection of the wrapped concrete cylinder ..........c.......... 71
4.3.3.3. Kink load and wrapping efficiency  ...........c.oonnn, 71
4.3.3.4. Hoop stress in the wrapping sheet  ..............cooiiiiiiinin 73
4.3.4. Theoretical Approach (adhesive shear stress)  .........cccccoeiiiiiiiin 80
4.3.5. SUMMALY ceooniriniii e 84
Chapter 5. Composite Bonded Concrete Beams
5.1. Experimental Study
S.1.1. Introduction  coeniniei e e 86
5.1.2. Specimen Fabrication and Experiment Set-up  ............cooiiiiiieinnnn 86
5.1.3. Results and DiSCUSSIONS  ..oeoenimcmimiiiiiiiiiiiiiiiiei e 91
5.2. Theoretical Prediction of the Composite Plate Bonded Beam
5.2.1. INOdUCHON cevenirneneneeiee e e 104
5.2.2. Adhesive Shear Stress  .......oeeeveiiniiiiiiiii e 105
5.2.3. Adhesive Peel-off Stress  ..ooeviiriiiiiiiir e 114
5.2.4. Result Interpretation  ........oooiiiiii i 122
5.2.5. Result Validation — ....c.onrmii e 129
5.3. Stress Intensity Factor of the Composite Strengthened Beam
5.3.1. INroduction ceeeeiiiiinie e e eae 133
5.3.2. Methodology —  cooeeiniii e 135
5.3.3. Stress Function of the Strengthened Concrete Beam without Crack ........ 138
5.3.4. Stress Intensity Factor Kjq  .oooermieiii 140
5.3.5. Closing Force of the Reinforced Plate ...l 142
5.3.6. Result Verification oo 143

I



5.3.7. Resultsand Discussions — ......ccoceevrrniiiiiiiriierre s 148
54, SUMMIMAIY coeiiiiieeiicierenieeeerereeeeseseaereserssnssssrensnssssnrescnsssnsnnennene 156
Chapter 6. Strain Monitoring Using FBG Sensors
6.1. Inroduction  ..oeuiiiiiiie e e 159
6.2. Theoretical Approaches
6.2.1. Load Transfer Properties
6.2.1.1. Constant load applied along fibre longitudinal direction ............ 159
6.2.1.2. Bending load added along fibre longitudinal direction  ............. 170
6.2.1.3. Minimum fibre embedding length  .....ooverrirniiiir 176
6.2.1.4. Resultverification ...t 177
6.2.2. Thermal Effects on Embedded Grating Sensor  .........eccnveneieicnnaennee 180
6.3. Strain Measurements Using Fibre-optic Bragg Grating Sensors
6.3.1. Introduction ...l 196
6.3.2. Single Sensor Strain Measurement
6.3.2.1. Sensorcalibration  .........eeiieiiiiiii e 196
6.3.2.2. Strain measurement in concrete cylinder
6.3.2.2.1. Experimentsetup  ........ociiiiiiiiiiiii e 198
6.3.2.2.2. Results and discussions ~ .....cccoeiniiiiiiiiiiii e 203
6.3.2.3. Strain measurement in composite bonded concrete beam
6.3.2.3.1. Experimentsetup  .....coocoriiiiiiiiiiin s 205
6.3.2.3.2. Results and discussions  .....c.ccoeiniiiiiniiiiniininieeeeee. 208
6.3.3. Multiplexing Strain Sensors
6.3.3.1. Glass fibre composite laminate ... 211
6.3.3.2. Strain measurement in composite wrapped concrete cylinder
6.3.3.2.1. Experimentsetup  ........oooeiiimiiiiiiiiieeeeeeee 213
6.3.3.2.2. Results and discussions  ......ceoeeiiniiiiiiiiiiini s 214
6.3.3.3. Strain measurement in composite bonded concrete beam
6.3.3.3.1. Experimentsetup ... 216
6.3.3.3.2. Results and discussions —  ......ccooiiiiiniiiiiiiiiiians 217

v



Chapter 7. Environmental Effects on Composite Strengthened RC Beams

TloIntroduction ..o 222

7.2. Specimens Fabrication and Experiment Setup  .......ooeeevmmoeoooeeo 223

7.3. Results and DiSCUSSIONS  .ooeveeuennvveinniniieeeeeeeene oo 238
Chapter 8. Concluding Remarks and Suggestions for Future Study

8.1. Concluding Remarks ... 236

8.2. Suggestions for Future Study ... 239
Referemces ... 241
Publications and awards arising from the present study ................... 249

Appendix (Copies of the Publications)



Chapter | Introduction

CHAPTER 1

INTRODUCTION

1.1 Aims and Objectives

Many researches and developments on the use of fibre-reinforce plastic (FRP) composite
materials in concrete rehabilitation and retrofit have been carried out recently. Focus of
those researches was placed on the examination of feasibility rather than in-depth
understanding of the failure mechanism, stress transferring properties and environmental
effects for composite-strengthened concrete structures. Investigation on the structural health
monitoring technique of the composite-strengthened structures using embedded sensor was
also very limited. Therefore, a comprehensive study in understanding stress transferring
problems, failure mechanisms, effects on the structures with different material properties
and geometrical factors for both the composite-strengthened concrete structure and sensor

embedding systems is essential.

Present study intends to provide comprehensive information for the composite-strengthened
concrete structure associated with the embedment of optical fibre strain sensor under
different loading configurations. Two types of composite-strengthened concrete structures
are under investigation in current study including (1) composite-wrapped concrete cylinder
and (2) composite-bonded rectangular concrete beam. The main objectives of the study are

summarised as follows:

*  Experimental investigation on the mechanical performance of laboratory-sized glass
fibre composite-strengthened concrete structures with different composite bonding

dimensions and laminate layers.
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Chapter | Introduction

*  Theoretical studies on the stress transferring problems for the composite-strengthened
concrete structures with different bonding dimensions, thicknesses and mechanical
properties.

* Numerical studies on the composite-strengthened concrete systems using finite
element method (FEM) to predict the overall mechanical performance of the
structures.

* [nvestigation on the fracture problems of concrete structure with a crack on tension
surface after strengthening by externally bonded composite plate.

*  Establishment of a theoretical model to interpret the effects on strain measurement by
using embedded optical fibre sensor with different coating, adhesive and matrix
materials.

*  Durability of the composite-strengthened structure in different harsh environments.

1.2 Research Significance

The demand on rehabilitation and renewal of aged and deteriorated civil concrete structures
has been swiftly increased in recent years. Continuing deterioration of the world’s
infrastructure elements highlights the urgent need of effective rehabilitation technique with
low material and maintenance costs, short installation time and minimum traffic
interruption. It is now evident that the deterioration of worldwide infrastructure elements
has been caused by a variety of factors including time dependent material degradation,
widespread fatigue damage, initial use of poor materials, flaws in design and the use of de-
icing salts. In addition, the rapid increase of population in many developing countries
enhances the requests of upgrading and retrofitting existing concrete structure as well as the
increase of the traffic volume, which is beyond the original design limit. Besides, the
world’s scientists and engineers are required to find out the solution immediately to
reinforce the old concrete structures, which are most susceptible to seismic damages. An
estimated need for infrastructure construction and rehabilitation in the Asian areas alone is
almost US$2 trillion in the early twenty-first century [Lee et al, 1999]. In United State. 80
billion will be paid for the repair of current deficiencies civil infrastructure [Wu. 1999]. In
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Chapter 1 Introduction

California alone, over 3.5 billion is required for seismic retrofitting of concrete bridges.

Due to the increases of public and political concerns about the decay of national
infrastructure, it is also required for an effective mean to monitor the condition and strain
history of the strengthened and repaired concrete structures [Saouma, 1998]. In the past
decade, multi-disciplinary field of engineering known as ‘Smart Structure’ has represented
one of the most major research topics in the World. It is formed by the marriage of
engineering materials with structurally-integrated fibre-optic sensor and actuation control
system. The system is capable of assessing damage and warning of impending weakness in

the structural integrity of the structure [Groves-kirkby, 1998].

According to the above concerns, the development of new rehabilitation technology
associated with the ‘Smart Structure’ concept in the existing civil engineering disciplines is
significant. The new rehabilitation methods for the deteriorated structures must be
established for long term environmental protection, concrete confinement and good
interfacial bond integrity. It leads to provide a durable and economic alternative to

conventional repair method.

Figure 1.1 Severe cracks appeared at the tops of the concrete column after earthquake in the
city of Nantao in 1999 (left). The concrete spalling happened due to the volumetric
expansion of corroded steel reinforcement (right).
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Chapter | Introduction

1.3 Background

Over the past several decades, extensive research and development in the field of materials
engineering and science have been carried out with fibre-reinforced plastic (FRP)
composites, which have a wide range of practical applications. It has been reported that
concrete bridges that remained standing after the 6.6 magnitude earthquake in Los Angeles
after jacketing by FRP composite wrap [Seible et al. (1997)].

The conventional rehabilitating techniques using stitching and steel reinforcing patch design
can provide a promising strengthening solution in civil concrete applications [Sameer and
Ahmad (1997)]. Unfortunately, the weight penalty, labour intensive and subsequent
corrosion of the steel material may eventually increase the overall maintenance cost.
Accordingly, this requires the development and application of new materials and
technologies, which can extend the service life of the constructed facilities with reducing
maintenance and improving durability. The new retrofitting technique should be able to
restore the strength of or strengthen the deteriorated concrete structures without increasing
any traffic disturbance and cost of maintenance. Thus, the use of FRP materials such as
glass fibre in polymer matrices is becoming increasingly important to extend the service life

of our civil construction facilities in the 21* Century.

The technique of using FRP in upgrading and strengthening the civil concrete structures has
been developed only in recent years. In the past, the FRP materials were used primarily in
the aerospace and defence industries rather than in civil construction areas. It is due to the
prohibitively high cost of raw materials and manufacturing processes. Previous researches
showed that the glass fibre composites could be effectively used for concrete beam
strengthening which results in the improvement of flexural load carrying capacity. The
overall compressive strength of FRP wrap for the confinement of concrete column increases

with increasing the number of wrapping size and laminate. '
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Chapter | Introduction

A term of “Smart Structural Monitoring System™ technology requires the development of
materials with self-optical nerves. Structures constructed from such materials can monitor
their own mechanical properties such as strain and thermal states by some measuring means.
In civil engineering construction, buildings, bridges, tunnels, highways and railways, the
embedded optical fibres can improve concrete evaluation, which provides real-time
structural health monitoring and enables immediate condition awareness for service
assessment of structural integrity. Also, optical fibre is insensitive to electromagnetic
interference and can be configured to sense a variety of physical effects, which include
temperature changes, mechanical properties of host materials, electric field strength and

magnetic field strength with minimum ambient interference.

[n aerospace industries, embedded optical fibres are being used in composite wing for in-
flight monitoring purpose. The periodical manual inspection of crack and delamination of
composite structures can be greatly reduced and only required when it is needed. In addition,
the duration for which the structure is required to withstand damage would be reduced
because damage would be detected earlier. The realistic application of embedded optical
fibre in the concrete structure is still limited in civil engineering application. Besides, the
bonding properties between cladding of the fibre and surrounding matrix and aggregate are

not fully understood up-to-date.
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Chapter 2 Literature Review

CHAPTER 2

LITERATURE REVIEW

2.1 Advanced Composites for Concrete Rehabilitation and Retrofitting

2.1.1 Introduction

Fibre reinforced plastic (FRP) has been recognised as one of the most innovative materials
in the applications ranging from the aerospace industry to prevalent sport goods and facili-
ties for more than 30 years. It has been demonstrated that the FRP could be used success-
fully to replace conventional materials for most primary structural elements in modem air-
craft with safe and durability [Niu, 1993]. The most attractive benefits by using the FRP in
real-life applications include its high strength to weight ratio, resistance to corrosion, ease of
moulding into complex shape without extensively increasing the manufacturing cost. good
adhesion properties to most common materials and ability to be pre-fabricated in the fac-
tory. Unfortunately, the adoption of the FRP in civil construction is still limited so far. The
serious concerns regarding the use of the FRP as reinforcements or substitutes for concrete
structures are lack of experimental history, international design code and recognised speci-

fications, and economics related to fabrication [Gilstrap et al. 1997].

Many extensive researches have been paid much attention on the developments of using the
FRP in retrofitting and strengthening civil concrete structures in recent years. The imple-
mentation of the researches are mainly grouped into five areas, which include: (1) concrete
confinement by FRP wrap and grid systems, (2) beam strengthening in flexure by using ex-
ternally bonded FRP patch, (3) seismic damage resistance of concrete column. (4) investi-
gation on the failure mechanisms and (5) environmental effects of FRP strengthened struc-

tures.
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Chapter 2 Literature Review

2.1.2  Composite Wrapped Concrete Columns

Many experimental and theoretical studies have been conducted by a number of researchers
and construction engineers on the use of steel-based isotropic materials for concrete reha-
bilitation and retrofitting. These materials have been widely accepted in most industrial ap-
plications. However, there exist the negative aspects such as the corrosion caused by harsh
environments and need of large lifting equipment to hold the steel plate in place during in-
stallation process [Mirmiran, 1998], which in turn subsequently increases the time of traffic

interruption.

Earlier research regarding the confinement of laboratory-sized Portland cement concrete
column by using the FRP laminates was conducted in 1992 [Harmon and Slattrey, 1992].
Plain concrete columns were wrapped by glass fibre composites and subsequently subjected
to an uni-axial compressive load in order to investigate the mechanical responses of the col-
umn after confining. In recent studies, remarkable results were found that the ultimate com-
pressive stress of the confined column was substantially increased with increasing the num-
ber of wrapping laminates [Larralde 1997, Spoelstra et al. 1999]. It was showed that the use
of carbon fibre composites to confine the concrete column appeared more reliable than that

using glass fibre composites when exposed to harsh environments [Toutanji, 1999].

Karbhari et al. (1997) found that the relation of the compressive stress and strain of the con-
fined concrete column responses bi-linearly in the uni-axial compression test. He also ad-
dressed that the use of FRP wrap is an effective means in terms of cost and speed, and over-
all fabrication process for the purpose of concrete rehabilitation. Mirmiran et al. (1998) con-
cluded that the confinement effectiveness for square column is dependent on the corner ra-

dius and jacket hoop strength.

Extensive practice in large columnar concrete structures has been performed in situ by using
the automated FRP wrapping system [Karbhari, 1997] which was called "Composites jack-
eting system". The FRP laminates were laid-up and cured automatically by applying the

pressure and heat simultaneously to wrap prepreg materials through the “Robo-Wrapper”
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machine (see Fig.2.1). It should be noted herein that the major function of the FRP lami-
nates for the concrete in a state of triaxial compression is to restrain its transverse dilation
without involving heavy materials and equipment, which can cause the disturbance of traffic

operation.

FRP grid and tube have been developed recently to replace steel reinforcement for rein-
forced concrete column [Mirmiran et al. 1996, Lee et al. 1999 and Engel, 1999]. Experi-
mental results indicated that the compressive strength and toughness of concrete column
with FRP grid were increased compared to those of the fresh column. Lee et al. (1999)
pointed out that the use of PVC tube as an insulated layer between the concrete and external
FRP filament could prevent fibre damage due to the chemical attack from the concrete and
provide the confining action for the whole system. However, the grid and tube method are
only suitable for new construction elements since the concrete is required to cure inside the
pre-fabricated FRP/PVC tube. For the FRP wrapping technique, FRP can be wrapped on the

surface of pre-consolidated concrete structures.

Figure 2.1. The composite jacketing system (ROBO-Wrapper I1'™)

2.1.3 Composite Strengthened Concrete Beams

Steel plate bonding method for the rectangular concrete beam has been used worldwide for

over twenty years to strength concrete members [Garden et al 1998]. The disadvantages of
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this method include inconvenient transportation and installation of this heavy material and

the subsequent corrosion due to exposure to harsh environment [Toutanji, 1999].

The use of FRP as an external reinforcement for bridge retrofit has been represented as
noteworthy improvement in terms of cost-effective, less effort and time than traditional
methods [Kaliakin, 1996, Shahawy et al. 1996, Arduini et al. 1997, Garden et al. 1998 and
Ritchie et al. 1998]. The FRP materials have a low specific mass, and are easy to handle,
particularly when operating in constrained and enclosed situations [Spadea et al. 1998].
Since the FRP have a high tensile strength with relatively low in weight, it allows signifi-
cant reductions in plate dimensions and installation facilities when used as extemal plate
reinforcement. Due to the corrosion-free property of the FRP materials, they become prac-
tice in use for real-life applications [Meier and Deuring, 1991, Meier 1995, and Steiner,
1996].

Ritchie et al. (1998) has observed experimentally that the failure of FRP strengthened beam
occurred catastrophically, which was caused by linear-elastic properties of the FRP. It has
been shown that the ultimate flexural strength of the FRP plate bonded beams was higher
than that of the beam without plate bonding [Chaallal et al. 1998 and Grace et al 1999]. FRP
strips can be effectively used for controlling shear cracking, shear strength and stiffness of
the beam by bonding the stripes on both sides of the beam in 90° to the shear crack [Tal-
jsten. 1996 and Chaallal et al. 1998].

The debond and peel-off failures of the FRP plate of the strengthened beams would result in
sudden drop in load and brittle failure of concrete [Sakai et al. 1996]. [n certain aspects. an-
choring mechanisms have been used in practice to avoid the peel-off and sliding of the plate

at plate end regions [Luke, 1999].

For the purpose of strength restoration of damaged structures, several experimental studies
have been performed to investigate the mechanical performance of the cracked-concrete
structures after being strengthened by the externaily bonded FRP plate. Buyukozturk et al.
(1998) found that the flexural strength of FRP bonded cracked-concrete beam was increased
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compared to the cracked-beam without strengthening. Surface treatment of the bonding area

is essential in order to provide somewhat rough surface to improve the bonding quality.

Possible failure mechanisms of the FRP strengthened beam are grouped into five distinct
categories, which include: (a) shear and (b) flexural crackings in concrete without any dam-
ages in the FRP plate, (c) rupture of the FRP plate followed by cracking in concrete and (d)
peel-off and (e) total debond failures at the bonding interface. A schematic diagram for all

possible failure modes of FRP strengthening system is shown in Fig.2.2
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Figure 2.2 Failure mechanisms of FRP strengthened concrete beams. (a) concrete shear.
(b) flexural cracking, (c) rupture of an extemally bonded plate followed by cracking of con-
crete (d) plate peeling-off and (e) entire plate debonding.

2.14 Seismic Resistance

Recent earthquakes such as the one in Northridge in 1994. Kobe in 1995 and Taiwan in
1999 have repeatedly demonstrated the vulnerabilities of old infrastructure elements to the

demands of seismic deformation. For existing reinforced concrete columns with insufficient
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transverse reinforcement and-or design for seismic detailing, three different types of failure
modes are generally observed under seismic load and deformation inputs. They are (1) col-
umn failure by shear, (2) column failure at the flexural plastic hinge region and (3) failure at
the lap splice region. These problems under seismic vibration result in the concrete spalling

and crushing, and concrete cracking followed by column rupture.

The development of a new seismic retrofit system for the reinforced concrete columns has
been demonstrated by jacketing technique with continuous carbon fibre reinforced compos-
ites (Mo et al. 1998, Seible et al. 1997]. Carbon fibre composites were wrapped in either the
whole RC column or lower column end to form the connection between the footing and col-
umn. Experimental study were scaled down to laboratory sized RC specimen. Load was ap-
plied repeatedly in lateral direction to simulate the real earthquake conditions. The results
indicated that the retrofitted RC column with the surface wrapped composite could improve
seismic response characteristics. The ultimate load that the strengthened structures would
carry was increased up to 40% and the allowable deformation was more than 180% com-
pared to that of its un-strengthened status. However, the supporting facilities and the time

for installing the FRP reinforcement were greatly reduced.

Unreinforced masonry (URM) constructions have been recognised as one of the most
poorly performed constructions under the seismic loading and also identified as the main
cause of loss of life in recent earthquakes {Ehsami et al. 1999]. Glass fibre composite plate
has demonstrated the superior performance in increasing the flexural strength of the walls

by adhering vertically on the surface of URM wall under the simulated earthquake loading.

2.1.5 Current Related Researches in Real-life Application

Many researches have been conducted in United Kingdom, Japan and Canada to investigate
into the use of carbon fibre composite plate for the real infrastructure retrofits [Luke. 1997.
Dellow. 1999. Mayo. 1999 and Connor. [999]. Strips of carbon fibre composite plate were
bonded on the bottom surfaces of existing bridges and wrapped around the circumference of
aged columns to improve overall mechanical performance of the structures. A jack-and-

anchor arrangement has been used to secure the plate at both ends [Connor. 1999].
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Aramid fibre (Kevlar) possesses many advantages over carbon fibre as reinforcement for
concrete, which includes (i) low density; (ii) non-catastrophic failure, which can reduce the
risk of sudden damage; (iii) better impact resistance (it is suitable for structures liable to
collision damage and seismic disturbances) and (iv) electrical insulator (so it can be used

close to power lines or communication facilities) [Peter, 1999].

E-glass fibre composites have been used to reinforce the structure, which is designed for
accommodating the addition of the helipad on the top of hospital building [Delta 1998].
Total 15 columns were wrapped by a varied number of layers of SHE 51 E-Glass fibre with
saturated in an epoxy matrix at the top two floors. A final layer of UV protective coating
was applied to ensure long term performance. The project aimed to investigate the me-

chanical behaviour of the column after being wrapped by FRP laminates. The wrapped

structure is shown in Fig 2.3.

Figure 2.3 E-glass/epoxy composite for column strengthening in real-life practice.

The official data issued by the Federal Highway Administration in the use of FRP materials
for bridge rehabilitation in 1998 showed that the overall cost for strengthening the bridge by
using FRP bonding technique instead of reconstruction was saved up to 91% [Connor,
1999]. The time required for completing the job was only 2 weeks which only caused little

impact on traffic interruption. However, the time used to reconstruct the bridge was more
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than 15 months. Nevertheless, the strength of the strengthened structures could be restored
to its onginal status (see Table 1).

XXsys Technologies, Inc. California has developed Robo-Wrapped™ auto-wrapping ma-
chine for strengthening the existing column where corrosion and cracks are found by using
the carbon fibre prepreg. They found that the load carrying capacity of deteriorated and
overloaded bridges was increased after being strengthened by carbon fibre reinforced com-
posites. The degree of debonding was also much smaller than that of using steel as rein-

forcement. Consequently, a far smaller reduction in strength of the structures was expected.

Table 1.1. Comparison for bridge rehabilitation by reconstruction and FRP strengthening
methods.

Total Cost Duration Strength Gain Impact on
Traffic
1986 reconstruction $ 151,000 15 months 100 % of original Major restrictions
1998 FRP $ 12,000 2 weeks 18% increase Lictle interruption
strengthening

2.2 Smart Structures

2.2.1 Introduction

A new development of “Smart materials and structures” was driven by the strong demand
for high performance in recent year. A system integrated into structures and being able to
monitor the physical and mechanical properties such as temperature and strain during the
service condition is appreciated as a "Smart structural health monitoring system”. The term
of smart material and structure is widely used to describe the unique marriage of material
and structural engineering by using fibre optic sensors and actuation control technology
[Czarnek et al. 1989]. The smart structure is constructed by the materials which could con-

tinuously monitor their internal strain and thermal status. and therefore. capable of assessing
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damage and warning of impending weakness in structural integrity. This design results im-
prove safety and economic concemns regarding weight saving and avoidance of over-
designing of the structure. In Fig 2.4, structures possibilities created by the confluence of

four disciplines are shown.

Recent researches have shown a great interest in using optical fibres as embedded sensors
for measuring the temperature variation and strain profile during the manufacturing and

loading processes of the advanced composite materials [Uomoto, 1998].

Figure 2.4 Structure possibilities created by the confluence of four disciplines: materials
and structures, sensing system, actuator control systems, and adaptive learning neural net-
work [Measures. 1992].

2.2.2 Optical Fibre Sensors

2.2.2.1 Introduction

Optical fibres have been developed for long-distance data transmission in the telecommuni-
cation industry. However, in their earliest application, optical fibre was conceived as a me-
dium for transmission of light in medical endoscopy. The use of optical fibres for applica-

tions in the telecommunication industry actually started in the mid 1960s. and ever since has
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gone through tremendous growth and advancement. The development of optical fibre sen-
sors started in earnest in 1977 even though some related demonstrations proceeded this date
[Cole et al. 1977, Butter et al. 1978, Budansky et al. 1979 and Rutherford et al. 1992]. The
increased use of advanced composites in aeronautics instigated the need for new damage
detection techniques, which can monitor the integrity of structural components during serv-
ice period. Therefore, the optical fibre sensors have been extensively employed as real-time

damage detection tools in advanced aircraft and space vehicles.

External perturbations such as strain, pressure or temperature variations induce changes in
the phase, intensity, or wavelength of light waves propagating through the optical fibres.
The changes in one or more of the properties of light can then be related to the parameter
being measured. Optical fibres are geometrically versatile and can be configured to arbi-
trary shapes. The smart structure concept takes advantage of the geometric adaptability of
optical fibres. [n this technology, optical fibre sensors are embedded within the structural
material or bonded on the structure surface for the purpose of real-time damage assessment.
The most attractive feature of fibre optic sensors is their inherent ability to serve as both the
sensing element and the signal transmission medium, allowing the electronic instrumenta-
tion to be located remotely from the measurement site. This is especially useful for remote
monitoring of the condition of bridges. Moreover. the advantages of using embedded optical
fibre sensors in composite materials are dimensional and material compatibilities. The fibres
do not degrade during curing, they do not corrode, and bond strongly to the matrix. [ncorpo-
ration of the fibres during the processing stage also offers the opportunity to monitor the
condition of structural elements during fabrication [Hockker, 1979. Afromowitz. 1988.
Murphy and Duke, 1988].

The success of optical fibre sensor technology in the condition monitoring of composite
materials led to a limited number of research and development activities in the civil engi-
neering discipline. A number of researchers realised that this emerging field of technology
could have impact on the condition monitoring of civil structures. so that durability. safety
and efficiency of the infrastructure system can be improved. Proper application of optical

fibre sensors to concrete structure repair monitoring requires understanding of certain fun-
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damental methodologies pertaining to sensor mechanisms as well as sensor multiplexing

strategies.

Ups to now, enormous types of optical fibre sensors have been developed. The sensors have
been classified in a number of different ways. For instance, they can be categorised based

on the monitoring applications. The classification is depicted as

1.Localized
Optical fibre sensor applications  {2.Multiplexed
3.Distributed

2.2.2.2 The structure of optical fibre

Optical fibres are one of the world’s most influential scientific developments from the latter
half of the 20™ century. They are dielectric wave-guiding devices used to confine and guide
light. In general, the optical fibre consists of silica fibre core, cladding and protective coat-
ing. In Fig. 2.5, schematic and micrographic diagrams of the structure of optical fibre are

shown.

Protective coating
Cladding 250 pm
125 um

Fibre core
3-100 um 7

Figure 2.5 A structure of the fibre-optic strain sensor (left) and micrographic view of typi-
cal commercial used optical fibre (right).

I'he core is surrounded by a dielectric material called the cladding. The mechanical proper-
ties of the cladding are similar to those of the core but with slightly lower refractive index.

[t functions to satisfy the Snell’s Law for producing total internal reflection and guiding the

Page. 16



Chapter 2 Literature Review

light to propagate along the fibre core [Micheal, 1996]. The cladding is generally made
from silica glass. A protective coating is used to protect the fibre from damage by providing

mechanical strength and reducing the risk of moisture absorption.

2.2.2.3 Fundamental theory of optical fibre

The fundamental principle. which makes the optical fibre possible in all sensing and com-
munication applications is their total internal reflection properties. According to the Snell’s
Law, the refraction of light from one medium to another is dependent on the incident angle
and the differential refractive index between two mediums. In Fig.2.6, it clearly shows that
the angle of refraction (6y,) decreases with decreasing the incident angle (8,;) . This implies
that as the angle is reduced to a certain value, there must be a point at which the light ray is
reflected (8;= ;). This condition can only be true when the refractive index of the source

medium (1) is greater than that of the target medium (2).

Medium [

| Neldding 777707000000

Der \

Ncore

v

Figure 2.6 [llustration of refraction at an interface from one medium to another.

According to the Snell’s Law. it obtains

Dredm 1 COS(eh) = Nmedium 2 COS(G[,) (2-1 )

where n represents the reflective index of material. The critical angle. 0, which results to a

total retlection of the ray to travel along the fibre core can be evaluated by assuming 6, = 0.
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Ocr = ¢08™ (Netadding / Meare) 2.2)

A typical value of Nejagding / Neore for the strain sensing optical fibre is 0.99 [Personick, 1985]
and the critical angle O is then 8.11°. Thus rays travelling at an angle less than 6, relative
to the reference acis will be totally internally reflected, and guided by the fibre core. Higher-
angle rays will enter the cladding and be lost due to high levels of scattering and absorption.

2.2,.2.4 Fibre geometry

A fibre consists of a core region and a cladding region. The core section is typically made of
silica glass, and has a diameter of 3um to 100um. In general, a small core fibre is only a
few times larger than the light wavelength. Due to its physical size, only one ray can propa-
gate through the fibre. The wavelength of light for typical optical fibre systems is between
0.8 and 1.6 um.

For multi-mode fibre, the core diameter, which is tens or even a hundred times as large as
light wavelength (called multi-mode fibre). A silica glass cladding has a slightly lower opti-
cal density (reflective index, Nejaading), Which is typical below a fraction of 1%. The diameter
of cladding is typically 125um. Light tends to be guided in the core of the fibre as indicated
in Fig. 2.6. The cladding of the fibre is surrounded by a protective coating. The function of
the coating is to protect the fibre from damages due to the mechanical strength, aggressive

environments and scratching [Powers. 1997].

2.2.2.5 Attenuation

Attenuation refers to the loss of light energy as a pulse of light down a fibre as illustrated in
Fig. 2.7. The purity of the fibre can be reflected in both its attenuation properties and its re-
fractive index. The original breakthrough in reducing fibre attenuation was achieved by pu-

rifying the glass used to make the fibres. There are other intrinsic and extrinsic factors

which contrihute 1o the attenuation_ such as absorption by OH- ians_ absorption of infra

sssriwivw
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radiation leading to molecular vibrations, leakage from the core and leaky modes. Leakage
modes are slightly below the cut-off, but can be propagated for a short distance along the
fibre. They can be initially avoided at the light source by restricting the angle at which light

enters the fibre.

Light in /\ /\ VN Light out

(= — Jmp

Figure 2.7 Illustration of attenuation

The level of attenuation must be minimised so that the distance the signal can travel along a
fibre without amplification can be increased. In 1979, Miya et al. investigated the less loss
of an excellent single-mode optical fibre fabricated to operate in a range between 1 and 1.6
um. He found that the losses at 1.3 and 1.55 um are below 0.5 and 0.2 dB/km. respectively
(see Fig. 2.8).

2.2.3  Fibre-optic Bragg Grating (FBG) Sensor

2.2.3.1 Introduction

In the past few years, one key optical fibre strain sensor has been developed rapidly ahead
of the other designs due to its inherent ease of use. The sensor has been dubbed a fibre-optic
Bragg grating (FBG) sensor. The FBG sensors have been developed continuously and rap-
idly since they were first demonstrated for strain and temperature measurements about 11
years ago [Morey et al. 1989]. It possesses several distinguished advantages including (i)
invulnerability to electro-magnetic interference, (ii) potential capabilities of surviving in
harsh environments [Townsend and Taylor 1996}, (iif) much less intrinsic size (typically
125pm in diameter — ideal for being embedded into composites without introducing any
significant perturbations to the characteristics of the structure), (iv) great resistance to corro-

sion when used in open environment, (v) capacity of multiplexing to more than one sensor
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along a single optical fibre and (vi) high service temperature (typically ~300°C) and long
durable lifetime (>25 years) [Morey et al. 1996]. Kalamkarov (2000) found that the FBG
sensor embedded in the carbon fibre reinforced composite plastic (CFRP) rod is unaffected
by fatigue load and creep effects.

In recent years, the FBG sensor has been identified as an important component for con-
struction of “fibre-optic Smart structure”. It is ready to be embedded into (or attached onto)
the structure for achieving a number of technical objectives, such as health monitoring, im-
pact detection, corrosion measurement, composite cure and shape-forming monitoring

[Dewynter etal. 1998, Lo and Xiao, 1998, Groves-Kirkby, 1998 and Rao, 1999].

LOSS (dB/hkm)
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WAVELENGTH (2 m)

Figure 2.8 Rayleigh Scattering Limit at long wavelengths. and loss vs wavelength of an
excellent optical fibre.

2.2.3.2 Basic principle

FBG technology was discovered by Hill et al. in 1978 [Masskant et al. 1997]. It was found
that the reflective gratings could be photorefractively formed in the core of the germanium
doped silicate fibre. The FBG system is comprised of broadband source (light emission de-
vice), coupler. optical spectrum analyser (OSA) and optical fibre with pre-written grating
sensor. For the structural strain monitoring, load is directly transferred from the host mate-
rial at particular position to the fibre-core section by shear. This causes the change of the

length of the grating region and the resultant refractive index of the core section accord-
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ingly. The mechanical properties of the structure are simply determined by measuring the
reflected wavelength change from the system. The FBG system is illustrated in Fig. 2.9.

Grating is written by exposing the fibre to a pair of strong Ultra-violet (UV) interference
signal. This creates the grating in the core of the optical fibre, which acts essentially as a
wavelength-selective mirror. The method to write the grating in the optical fibre for strain
and temperature measurements is called Phase Mask technique. The phase mask technique
is less sensitive to environmental disturbances and produce gratings with highly repeatable
characteristics (Kashyap et al. 1993]. Limited tuning of the Bragg wavelength has been
demonstrated by pre-straining the fibre prior to exposure [Zhang et al. 1994], and by magni-
fying the phase mask periodicity. The phase mask based interferometer configuration is

shown in Fig. 2.10.

Protective coating
(polyimide) .
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GRATING SENSOR
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spectrum (OSA)
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Figure 2.9 The fibre-optic Bragg grating strain measuring system.

When the light is illuminated from the broadband source via the coupler, part of light is re-
flected back to the coupler and the reflected-wavelength is detected by the OSA as indicated
in Fig. 2.9. The strain variation in the grating region is simply determined by the reflective
wavelength shift (AAg) from the sensor. The fibre-core is surrounded by the two external

materials: (1) cladding and (2) protective coating. Since the actual diameter of the transmit-
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ted-core region (only 7um) is very small, the protective coating is definitely needed to pro-
tect the fibre and prevent the power loss in application. The outside diameters of the clad-
ding and protective coating for the commercial strain sensing optical fibre are 125um and

250pum, respectively.
Incident UV beam
J Period
Fused-silica
phase mask

-1 diffracted Zero-order
order beam

Fibre-core

Figure 2.10 Fibre gratings written by Phase mask technique.
According to the Bragg's law, the reflective wavelength can be defined as

Ay =2n,4A (2.3)

where neg 1s the core refractive index and A is the spatial period of the index modulation.
Any changes of the strain in the grating region result in the changing of spatial period and
core refractive index. The measurement of the mechanical strain (& = AL/L) is determined
by the variation of the Bragg wavelength (Ag) shift. It has been approved that the sensors
give a linear strain relationship to the reflected wavelength shift from the sensor within the

elastic deformation limit of the fibre [Maaskant et al. 1997].

Therefore, the change of the Bragg wavelength can be expressed as:

A)\. . 2
- z[l"%pm}l _%‘(Pllsz +p|283)+E.mAT (2.4)
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where g, 1s the axial strain along the lengthwise direction of the fibre. €; and &; are the prin-
ciple strains in the cross-section plane of the fibre core. &, is the coefficient of both the
thermo-optic component and the thermal expansivity of the optical fibre, and has the nomi-
nal value of 6x10°/°C. p;; and pi; are the photoelastic coefficients. [n general, the strain
transfer to the fibre in transverse directions is very small and can be neglected in practical
applications [UDD 1995]. Therefore, the full equation for the FBG sensor by considering

the effects from temperature and strain changes can be simplified in a form as
Ady =K, g, + A,E AT (2.5)

where K is called "Theoretical gauge constant” [Saouma et al. 1998], which can be deter-
mined experimentally. The second term in Eq.(2.5) represents the wavelength shift due to
the temperature change in the system. which is normally used in inspecting the manufac-
turing process of composite materials [Rutherford and Westerman, 1992]. For the silica fi-
bre, the wavelength-strain sensitivity of 1.55 um FBGs has been measured as 1.15 pm pe
[Morey et al. 1989]. By neglecting the thermal effects of the fibre, the measurement of the
mechanical strain (e=AL/L) at the grating region yields (see Fig. 2.11)

e=K,(1, -4,) (2.6)
where subscripts fand o represent final and initial condition of the fibre, respectively.

2.2.3.3 Multiplexing technique

One of the major advantages of using FBG sensor in real life applications is its ability of
measuring strains in different locations along structure only by one single optical fibre
[UDD. 1995]. This technique is normaily called "Multiplexing” or "Quasi-distributed"
measurement. Frequency modulated continuous wave (FMCW) technique presents its ex-
cellent ability to measure the strain variation along a single optical fibre with more than one

grating sensor [Chan et al. 2000]. The FMCW offers a number of advantages compared

-
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with the current multiplexing techniques such as wavelength division (WDM) and optical
time-domain reflectometry (OTDR). Typically, the maximum number of sensors that can be
multiplexed by using WDM technique is about 10 to 12. Besides, the OTDR technique re-
quires injecting a short pulse of optical power to the optical network and waiting for sepa-
rating pulse from each sensor. It therefore requires a relatively high power in the pulse sys-
tem to maintain the same average optical power at the receiving end. By using FMCW
technique, it enables to produce up to 20 grating sensors along the single optical fibre if the
reflectivities of the grating are correctly chosen. However, the power required is compara-
tively less than that by using OTDR for the same number of used sensors. Fig.2.12 illus-
trates the multiplexed FBG sensor arraying system by using FMCW demodulating tech-

nique.

Ao dB

Fibre-core —

Un-strained condition

Astrained

-

dB

Strained condition

Ao Astrained

Figure 2.11 Response of the wavelength change due to straining at grating region.

The light signal launched from the broadband source is modulated as a triangular chirped
frequency carrier to the FBG sensors. The delayed frequency signal from each individual
FBG sensor is returned to the tunable optical filter (TOF) and the photodetector. The detec-
tor output is electrically mixed with a reference chirp signal from the voltage-controlled os-
cillator (VCO), which produces a beat frequency associated with each sensor element. The
magnitudes of the beat signals are proportional to the convolution of the individual grating

reflection and the transmission spectrums of the tunable filter.
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Figure 2.12 Multiplexed FBG sensors system using FMCW demodulating technique.

The beat signals can be viewed by using an electrical spectrum analyser (ESA). The ampii-
tude (voltage) measured by the ESA can be converted to the corresponding strain (g) of the

grating. The principle of operation of the FMCW technique is illustrated in Fig. 2.13

The beat frequency for sensor can be expressed as:
AT,
[, =4 T 2.7

where f;, Af. AT,and T denote the beat ﬁ'equency, the chirp frequency excursion, the opti-
cal delay from the source to detector for the sensor “(j) and the chirp period. respectively.

Two major factors can limit the spatial separation between two neighbouring FBG sensors.
The first factor is that the separation should be long enough to avoid the coherence noise
occurs. The second one is that the separation between gratings must be large enough to

separate the beat signals with their frequency difference between sensors and larger than the

resolution of the spectral analvsis techniques
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Figure 2.13 Principle of operation of the FMCW technique for a single sensor path (left)
and multiplexed intensity sensors array signalling from the spectrum analyser (right).

2.2.3.4 FBG sensors for composite structures

Advanced composite materials (ACM) are now routinely being used for manufacturing en-
gineering structures such as aircraft and automotive structures for more than 30 years. Their
advantages over most conventional materials are high fatigue resistance, light in weight and
capabilities of forming complex shape without involving enormous amount of cost for
mould fabrication [Foote, 1994]. Hence. the use of the composite material with the embed-
ment of the FBG sensor can lead to reductions in weight, inspection intervals and mainte-
nance cost of the structures and consequently improvement in overall performance. Du et
al. (1998) used the embedded FBG sensors, which are located between the composite lami-
nates as internal strain measuring devices. He found that the embedded FBG sensors could
provide a strain distribution along the structure without influencing the mechanical proper-
ties of host material. Dewynter-Marty (1998) embedded the FBG sensors into glass fi-
bre/epoxy laminate to monitor thermal and residual strain properties during curing process
in autoclave. The temperature measured gave a good agreement with that measured by
autoclave temperature probe. The FBG sensor could sustain compressive strain up to 2200u

strain without failure.
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Lo et al. (1998) developed a single-pitch FBG sensor for corrosion detection by coating
copper onto the pre-loaded optical fibre. The principle of corrosion sensors is that environ-
ment corrosion would change the coating thickness and eventually cause the changes of re-
sidual strain inside the fibre grating region. A parameter, which represents the corrosion rate
can be measured in according to the reflected wavelength change from the grating. The
schematic diagram of the corrosion detected FBG sensor is illustrated in Fig 2.14.

Bragg Grating Fibre

e—— T J—si

Pre-loaded Grating fibre :
INERENREREN ]

Copper coating Grating fibre
§Coppct coating ; :

g Corroded copper coating

Strain release dueto '
coating thickness change

Figure 2.14 Corrosion detection FBG sensor

2.2.3.5 FBG sensors for civil applications

The FBG sensor has been used in civil construction industry only in recent years. The first
use of FBG sensors as structural health monitoring device in bridge structure was demon-
strated in 1994 [Measures et al. 1994]. Array of FBG sensors was adhered on the surface of
carbon fibre composite tendon to measure strain and deformation of the structure. [n Fig.
2.15. a schematic diagram of FBG sensor locations for strain monitoring along a bridge is
shown. They found that the measuring range of this interrogation system is within 5 me and
| pe. An accuracy of ~20ue was demonstrated. Saouma et al. (1998) has used the embedded
FBG sensors to monitor strains of a laboratory sized concrete beam and found that the re-
sults gave a good agreement with those measured by externally bonded electric strain

gauges.
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———— Optical fibre
cable '

Pre-stressing tendon |
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Figure 2.15 A schematic diagram of distributed FBG sensor for bridge strain monitoring.

Navel Research Laboratory in USA [Kersey et al. 1996] performed an experimental study
for a bridge, which is in % scale of real structure with the embedment of 60 FBG sensors to
measure strain. They found that the FBG sensors could measure the strain in real-time.
However. due to the limit of scanning speed of the Fabry-Perot tunable filter used for
wavelength-shift measurement. only static strain could be measured. In Canada. muitiplex-
ing FBG sensors were embedded during construction along a pre-stressed girders for a
bridge, which was made by ACM to monitor strain response in different positions during

service [Holton, 1998]. In Fig. 2.16. the installation process of the FBG sensors along the

girders is shown.

2.2.4  Problems in Application

Many extensive researches and applications of the FRP materials for concrete rehabilitation
and retrofit are reviewed in previous sections. [t was clearly shown the tendency of devel-
oping a new and effective rehabilitation technique for oldest infrastructure elements by us-
ing the FRP materiais. However, the acceptance of these materials in civil engineering in-
dustry is still very limited due to lack of sufficient design codes. material standards and

specifications [Ballinger. 1997].

Moreover. the quality control for the FRP materials used for concrete strengthening is diffi-

cult since it is very dependent on several environmental parameters such as humidity and

v st oo lanwole e ~l
rpmnpmnlrp {r "I"Q IQOQI ! nng {3.... (‘.L.'.‘Sb‘{.u i naion ey, u\nuuhum 13 30 ai uuyur.u.uu.
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aspect to be concerned for the current strengthening method before further applying to real

practise.

Embedded optical fibre sensor has been well agreed as an intrinsic strain and temperature -
measuring device to inspect structure condition. However, the installation method and pro-
tection device for this tiny sensor require time and effort to be investigated since the optical

fibre is easy to break if it is not appropriately handled [Holton, 1998].

Figure 2.16 The installation of FBG sensors along pre-stressed girders (left). The Taylor
bridge is being monitored by the FBG sensors (right).
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CHAPTER 3

PRELIMINARY EXPERIMENTAL STUDY

This chapter presents the mechanical performance of concrete and glass fibre composite
materials, and optical fibre embedded composite structures through experimental investiga-
tions. Several fundamental experiments have been performed to evaluate the quality and

determine the mechanical properties of all related materials used in current research.
3.1 Concrete

3.1.1 Sieve Analysis Test (ASTM C 136)

The concrete consists of Portland cement, fine (sand) and coarse aggregates (rock), water
and admixtures. The admixtures are not an essential components of the concrete mix. They
are defined as chemical substances, which are used to modify the chemical reaction process
(called hydration process) between the cement and water. The mechanical properties of the
concrete are highly dependent on the ratio of mixture. High water to cement (abbreviated to
wic ratio) ratio results in weakening the strength of the concrete while insufficient w/c ratio
may cause the un-satuated chemical reaction inside the core of cement particle. Excess wa-
ter used in hydration process would cause voids formation inside the concrete after curing.
Therefore, the strength and durability of the mix concrete structure are highly influenced by
the mixture ratio and purity of all constituents.

[n general. the w/c ratio of 0.5 is recommended to use in order to minimise the formation of
voids inside the concrete, improve the workability during mixing and achieve the smooth
hydration processes [Neville 1997]. The selected mixture ratio of 1:1.5:3 (cement: fine ag-

gregate: coarse aggregate) is used in present study. Sieve analysis test was firstly investi-

Page. 30



Chapter 3 Preliminary Experimental Study

gated. This test method is to determine the particle size distribution of fine and coarse ag-
gregates by sieving to ensure constituents quality. The sieve used for present study is shown
in Fig. 3.1 and the results are listed in Table 3.1. It is found from the Table 3.1 that the per-
centages of the particles passing through different size of sieves satisfy the standard re-

quirement.

Figure 3.1The metal sieves for aggregates sieving.

Table 3.1 Result of the sieve analysis test of fine and coarse aggregates

ASTM Sieve Weight Weight Percentage Standard
size retained passing passing criteria
(mm) (g) (g) (percentage)
19.0 77.9 2876.2 97.36 >80
9.50 1024.6 1851.6 62.68 260
4.75 672.7 1178.9 39.91 =10
2.36 286.5 8924 30.21 215
0.6 436 4574 15.48 25
0.3 156.3 301.1 10.19 >2
0.15 119.4 181.7 6.15 >0
remainder 181.7 0 0
Total 2954.1
loss in process 34
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3.1.2 Uni-axial Compression Test (ASTM C 39)

This test method covers determination of compressive strength of laboratory-sized concrete
cylinders. The dimension of test specimens was 100 mm in diameter and 200 mm in height.
This test method consists of applying a compressive axial load to the moulded concrete
cylinder until its ultimate compressive strength is reached. The concrete was mixed by the
ratio of 1:1.5:3 as mentioned in the previous section. Three concrete specimens (manufac-
tured at the same constituent and day) were used for each individual test. Standard cylindri-
cal steel moulds were used to hold pre-cured concrete (fluidity state concrete) in place for
24 hours. The concrete was then de-moulded and put into water tank (100% humidity) with
temperature of 25°C for extra 28 days (See Fig.3.2) for completion of the full chemical re-
action (called “hydration™) between the cement and water inside the concrete. Vibration
table was used to consolidate the mixture in order to minimise the voids formation inside

the specimen. No admixture was used in the study.

During curing, a hydration of cement generates heat, which causes a rise in the temperature
of the concrete. This internal temperature change may cause damage of the concrete after
curing due to existence of residual stress, which develops crack on the concrete surface if a
high differential temperature (AT;) between the cool exterior and the hot core of the con-
crete element occurs [Fitzgibbon 1976]. The temperature inside the concrete and ambient
condition was measured by using embedded thermocouples, which were located inside and
on the surface of the concrete specimen during curing process. The parameter, AT; may in-
fluence the selection of appropriated strengthening and internal strain sensing tools for fur-
ther investigations. The schematic diagram and results of temperature measurement are
shown in Fig. 3.3. The plot clearly shows that the value of AT; appears only in the first 28
hours and the difference is within 4°C. It is only true for the type of specimens used in pres-

ent study. However, for a large concrete structure diffuses more heat during chemical reac-

tion process.

Both compression surfaces of all the cured concrete cylinders were polished within a toler-

ance of 0.2 mm to ensure both the surfaces were parallel to each other. It was to avoid any
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eccentric or concentration loads occurred onto the specimens. Each polished surface was

inspected by using Mirco-dial Gauge. The surface polishing machine with special holding

fixture was designed and shown in Fig.3 4.

Figure 3.2 A water tank for concrete curing (left). Cylindrical concrete specimens and steel
moulds (right).

Concrete cubic (6 inches each side)

30
25 -
&5
é’«zo]
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== Temperature g
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Thermocouples
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Figure 3.3 A schematic diagram (left) and results (right) of the temperature measurement
- during curing process.

Figure 3.4 Surface polishing
machine.
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The CONTROLS 50-C4330 compression testing machine was used in the compression tests
for the concrete cylinders. A loading rate of 200 kPa/min was set and the peak load was re-
corded automatically through the connection to the computer. Steel platens were used to
transfer the compression load from the testing machine to the concrete surfaces. Protective
shield was located in front of the testing zone to avoid violent bursting action of the con-
crete under high-pressure condition. Externally-bonded strain gauges were adhered on the
surface of the concrete specimens in both the column longitudinal and lateral (hoop) direc-
tions to measure strains. Ultimate stress and Possion’s ratio of the concrete are determined

by using the following equations

P
o =22 G.0)
v = —— Claterat (3.2)
gLanmnu.lmal

where oun, Ppeaks A, Vi Qaiera and Qongiudinal TEPresent the ultimate compressive stress of the
concrete, peak load measured during the test, cross section area of the original test speci-
men. Poisson’s ratio, strains in both the lateral and longitudinal directions, respectively. The
arrangement of the electric strain gauges of the test specimen is illustrated in Fig. 3.5. The

experimental set-up is shown in Fig.3.6.

Polished surface Angle between strain

gauges is 120°

-l Sys 4000 data logger

] ' strain measurement unit

] [}

[ i

\ . specimen ; R R

Longitudinal M (Computer)
direction i b Result interpretation

i i unit

i i

) ]

Lateral (hoop) direction

Figure 3.5 The testing specimen set-up for strain measurement by using strain gauges
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Figure 3.6 The CONTROLS 50-C4330 Compression testing machine.

All the experimental results are shown in Table 3.2 and plotted in Fig. 3.7.
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Figure 3.7 Experimental results of the compression load versus average longitudinal strain
(left) and the longitudinal strain versus hoop strain (right).
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Table 3.2 Experimental results for the plain concrete column subjected to uni-axial com-
pression test.

Peak load condition
Ppea.k D A Cult Elongitudinal Elateral v
Sample | (kN) | (m) (m") (MPa) (1£) (ne)

1 390 0.1 0.007854 | 49.66 -2890 1301 0.2028
2 390 | 0.0996 | 0.00779 50.02 -2961 1013 0.1871

3 395 0.1 0.007854 | 50.29 -3109 1300 0.17
Mean 49.99 -2986 1204 0.1866
Standard derivation | 0.316 -111.7 165.9 0.0164

According to the experimental results, the modulus of elasticity (E.), compressive strength
(our) and Poisson’s ratio () of the plain concrete column are determined as 27.8 GPa,
49.99 MPa and 0.187, respectively. The result is quite satisfactory to the American Concrete
institute (ACI) code 363R-92 [ACI 1994] for concrete with strengths up to 83 MPa

E.=3.32 ()"’ +6.9 (3.3)

where f.” expresses the concrete compressive strength. Several visible cracks appeared at
the peak load condition. The splitting-off failure of the specimens at mid-column region
also occurred when further applying the compression load to failure. Figure 3.8 clearly
shows the failure modes of the plain concrete column after the compression test. Nearly all

materials at the middle of the column are fallen off by Possion’s expansion.

Figure 3.8 Test specimens at the peak (left) and failure (right) loads.
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3.1.3  Flexural Strength Test (ASTM C 293)

The flexural strength tests were conducted to examine the flexural behaviour of fresh rec-
tangular concrete beam subjected to three-point bending test. The manufacturing procedures
and mixture ratio of the concrete beams was similar to that with the cylindrical concrete
cylinders. The dimension of the beam was made according to the ASTM standard C 293 as
6 inches in square and 20 inches in length. Three removable steel moulds were designed and
fabricated for frequently moulding process to make the testing beams in later study. Figs.
3.9 and 3.10 illustrate the steel mould used and experimental set-up, respectively for the
present study. The theoretical maximum tensile stress reached in the bottom surface of the

test beam is known as the modulus of rupture R, which is estimated by

R 3PL
2bd’

(3.4)

where P, L, b and d denote the maximum applied load indicted by the testing machine, span

length, the average width of the specimen and average depth of the specimen, respectively.

Figure 3.9 Steel moulds for concrete beam fabrication.
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Figure 3.10 A schematic illustration (left) and photographic diagram (right) of the experi-
ment set-up for three-point bending test.

In fact, the modulus of rupture of a small testing specimen does not, in general, coincide
with the true tensile strength of the large-scale structure. In average, the rupture modulus is
about 25% higher than the true tensile strength of the concrete. Sintech 20/D tensile testing
machine was used for three-point bending tests. The loading rate was set at 0.5 mm/min.
Strain on the tension (bottom) surface and mid-beam deflection were recorded simultane-
ously once the load was applied through the computer.l.f:\ccording to the results showed in
the experiment, it was found that cracks were appeared on the tension surface of the beam
and fast propagated toward the direction opposite to the load applied when further applying
the load. Failure occurred catastrophically. The experimental results are plotted in Fig. 3.11.
[t was found that the ultimate flexural load of the tested beams is about 21 kN. However, the
deflections measured at peak-load condition are quite different. It may be due to the non-
homogeneous properties of the concrete specimens mixed during moulding process and un-
even aggregate distribution on the tension surface of the beam. Those factors may influence
the interfacial bonding properties between the cement and aggregate of the structure. The

variation is within 8%. The moduli of rupture are determined and listed in table 3.3.

The mean and standard derivation of the modulus of rupture (ay,) of the concrete are 4 Mpa

and 0.142, respectively. It is about 8% of its compressive strength. The principle of Eq.
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(3.3) is based on the elastic beam theory, in which the stress-strain relation is assumed to be
linear and the tensile stress on the bottom therefore should be linear proportional to the dis-
tance measured from its neutral axis. In fact, it is not true since the strain gives parabolic
relation with the stress when it reaches to one-half of the tensile strength [Raphael 1984].
The tensile strength (f;) of the concrete is about % of the theoretical modulus of rupture
[Neville 1997]. Carpinteri et al. (1997) pointed out that the determination of the tensile
strength by using three point bending test may not be appropriated for the small laboratory-
sized concrete specimen because of the existence of its non-homogeneous properties and
fracture zone in front of the crack. However, the increase of the specimen size may tend to

give the true tensile strength of the beam. This effect is generally called size effect of con-

crete.
25000 25000
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Figure 3.11 Relationships of load-deflection at mid-beam (left) and load-strain on the ten-
sion surface (right) recorded during experiment.

Table 3.3 Modulus of rupture for test specimens

Beam | Beam?2 | Beam 3

Span, L (m) 04572 | 04572 | 04572
Height, d (m) 0.1532 | 0.1528 | 0.1542
Width, b (m) 0.1523 ' 0.1536 | 0.1599
Area, (m®) 0.0233 | 0.0235 | 0.0247
Weight, N 269.8 2747 | 269.78

Failure load, (kN) 21.28 214 22.03
Deflection at peak | 0.832 0.83 0.7812

load, (mm)

Max. strain, pe 548 533 522
Modulus of rupture | 4.08 4.07 3.83
(MPa)
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3.2 Glass Fibre Composite

3.2.1 Uni-axial Tensile and Compression Test (ASTM D 3039 and D 3410)

In present study, E-glass fibre mat (balanced type) mixed with epoxy base resin forms the
composite to confine and strengthen concrete structures. The Araldite MY 750 resin and
hardener HY 956 with the mixture ratio of 1:0.25 (resin: hardener) were used. All resin and
hardener were mixed under room temperature condition and stirred thoroughly until the
mixture formed homogeneously. All mixed resins were placed inside the vacuum pot with
the applied vacuum pressure of 740 mmHg for several minutes to remove air, which is
trapped inside the resin during stirring process. Hand-lay up method was used to form com-
posite plate. Since the epoxy is highly susceptible to moisture in liquid state, all composite
specimens were cured under the temperature (20°C) and humidity (55%) control conditions
for 24 hours. A uniform pressure of 4 kPa was applied on the top of the laid-up composite
specimens. The cured composite specimens were then placed inside the oven for post-curing
for another 8 hours at the temperature of 80°C. A schematic diagram of the test specimen

fabrication process is shown in Fig. 3.12.

All cured composite laminates were cut into appropriated dimension and shape, and then
undergone the uniaxial tension and compression tests according to the ASTM D 3039 and D
3410 standards. Total five specimens for each individual test were used. During the tests,
the ultimate tensile (o) and compressive (o) strengths, modulus of elasticity (£;) and

Poisson’s ratio () of the E-glass composite for present study were determined.

Fibre volume fraction (vg) of the test specimens was determined by using resin burn-off
method. The resin of composite is evaporated under the temperature of 600°C inside the
oven. The remained materials (E-glass mat) are then weighed after the test to determine the
amount of resin in the original composite specimen. The value of v¢ of the composite speci-

mens is determined by
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t

Vf—

-100 (3.5)
w

where w; and wr denote the weights of the specimens before and after bum-off procedure,
respectively. The uniaxial tensile and compressive tests were performed according to the
ASTM D 3039 and D 3410 Standards. All testing results are listed in Table 3.4 and plotted
in Fig. 3.13.

Hand lay-up method

E-glass fibre mat to form a composite

@.{g - il

Post-curing

The composite plate
Hold for 24 hours

Figure 3.12 E-glass fibre composite fabrication process.

Table 3.4a Experimental results for the glass fibre composite subjected to uniaxial tensile
test.

Uniaxial tensile test for E-glass fibre composite

Sample | Dimension (mm) ve (100%) _ G (MPa) E; (GPa)

1 25.1x250x2.49 25.7 185 11.9

2 249x251x2.50 25.6 183 12.3

3 25.1x250x2.49 249 178 12.4

4 25.2x251x2.50 26.0 190 12.9

5 25.1x249x248 258 181.5 12.3
Mean value 25.6 183.5 12.39

Standard derivation] 18 444 0.358
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Table 3.4b Experimental results for the glass fibre composite subjected to uniaxial com-
pression test.

Uniaxial compression test for E-glass fibre composite

Sample | Dimension (mm) ve (100%) Oy (MPa) Failure
1 25.1x155x1.47 27.2 62 CB
2 249x155x 1.50 26.7 63 CF
3 25.1x155x1.48 27.0 64 CF
4 25.2x 155x 1.51 26.5 65 CB
5 25.1x155x 1.51 26.3 68 CB
Mean value 27.8 64.4
Standard derivation 0.364 2.302
* CB: Composite buckling
CF:  Composite failure
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Figure 3.13 A piot of the experimental results of glass fibre composite subjected to axial
tensile and compressive tests.

The failure modes of the testing specimens after tensile testing are shown in Fig. 3.14. It
must be addressed herein that the ultimate tensile strength of the composite plate increases
with increasing the number of laminate layer(s). Fig. 3.15 shows the tensile strength of glass
fibre composite plates with different number of laminate layers. It happens due to the ex-

cess of resin submerged inside the fibre-matrix system for thin composite laminates.
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The volume fraction of resin inside the composite becomes constant when certain number of
laminate layers reaches. i.e. the fibre volume fraction of thin composite plate is generally
smaller than that of the thick one. A plot of different laminate layers of composite plate

subjected to uniaxial tensile stress is shown in Fig.3.16.

Figure 3.14 Glass fibre composite specimens after tensile test.
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Figure 3.15 A plot of different layers of glass fibre composite subjected to tensile load.
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3.2.2 Lap Joint Shear Test (ASTM D 3165)

Glass fibre composites were bonded on the surface of either the composite laminate or con-
crete structure. Lap-joint shear test was performed for the adhesion joint of the glass fibre
composite specimen according to the ASTM D 3165 standard to evaluate interfacial bond-
ing properties. Fabrication procedure of test specimens was similar to that for the composite
specimen for the tension and compression tests, which were mentioned in the previous sec-
tion. The dimension of the testing specimen was followed to the standard requirement. Both
bonding surfaces were held after adhering by spring clamp in order to make the sample with
a thin adhesive layer. The testing sample for the lap-joint shear test is illustrated in Fig.
3.16. Total five specimens have been used for each type of test. Continuous axial load was
applied to the specimen longitudinal direction at a rate of | mm/min. The extension at both

ends of the specimen and the applied load were recorded automatically during the test.

1.6 mm 1.6 mm-)}’(— Bond line
*- ™ . |
*’ | 1

v %

\ - | €& 12.7 mm
Area in test grip
(25.4 mm x 25.4 mm) Shear area
(12.7 mm x 25.4 mm)

Figure 3.16 Lap-joint shear test specimen

The values of the mean and standard derivation of the adhesive shear stress measured from
the experiment were 11.2MPa and 0.486MPa, respectively. All testing samples were failed
by shear. The test results are plotted in Fig. 3.17.
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Figure 3.17 Adhesive shear stresses measured from the lap-joint shear test.

3.3 Concrete/glass Fibre Composite Interface

The interfacial properties at bond joint of the glass fibre composite and concrete surface is
very important in present study because of their great influences on the stress transferring
properties from the concrete structure to the external reinforcement in order to reach the
strengthening purpose. Bizindavyi and Neale (1999) proposed analytical methods to evalu-
ate the maximum adhesive shear and externally bonded plate normal stresses by using linear
simple shear lag theory. The adhesive shear stress distribution and laminate tensile stress

along the bonding length are estimated by

AL
r(x) =7, MCosh(ﬂx) —M/ T, sinh(b:) (3.5)
f (x):i[sinh,l(x—L ) (3.6)
P71 sinh(AL, ) ’
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Experimental investigation using lap-joint shear test for both the composite and concrete
has also been performed. They found that the maximum shear stress only appears at the
plate end regions and rapidly vanishes by increasing the distance from the plate end. The
failure mode of the bonded structure mainly catalogues as concrete shearing beneath glue
line where the thickness of the glass fibre composite was 1 mm and bonded length of 155
mm was used. The result implies that the failure of the composite/concrete bonded system is
dominated by the strength of concrete rather than the adhesion properties or tensile strength

of the external bonded reinforcement.

In present study, an experimental study has been performed to investigate the bonding prop-
erties of the composite/concrete bonded system by using single lap joint shear test. Glass
fibre composite strips have been fabricated with a dimension of 25.4 mm x 2.2 mm x 100
mm. The composite strips were then bonded on the surface of concrete cubic with edges
length of 100 mm using epoxy adhesive. Pressure was applied on the bonding surface to
ensure that the adhesive was distributed evenly along the glue line. Total ten samples with
different bonding lengths (L=25.4 mm and 76.2 mm) were used for the tests. The schematic
diagram of the experiment set-up is shown in Fig. 3.18 and the experimental results are
listed in Table.3.5.

/ Tensile loading frame

MTS Tensile Testing Mathine § Load cell

Glassfibre composite plate

Steel plate
Guiding screw

Locking-nut

Bottom plate
(steel)

Figure 3.18 Experiment set-up for single lap-joint shear test for composite/concrete bonded
specimen.
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Table 3.5 Experimental results and modes of failure of the glass fibre composite / concrete
bonded system.

Sample Number Thickness Bonded Failure Failure
No. of layers (mm) length load Mode
(mm) (kN)
1 6 2.23 254 1.62 CC
2 6 2.21 254 1.51 CC
3 6 2.15 25.4 1.55 CE
4 6 2.27 25.4 1.59 cC
5 6 222 254 1.60 CcC
6 6 2.22 76.2 1.92 CC/CS
7 6 2.23 76.2 1.88 GC
8 6 2.19 76.2 2.03 CcC
9 6 2.26 76.2 212 CCICS
10 6 2.20 76.2 2.23 CC/CS

CC: Cracks and rupture were found beneath the bonding region.
CS: Several cracks appeared beside the bonding region.

According to the results showed in the Table, it is concluded that epoxy resin provides
strong bonding properties to the concrete. During the bonding process, it was found that part
of the adhesive has been absorbed by the concrete surface. Therefore, the surface may has
higher tensile and shear strengths than the original concrete material. The failure mode of

the test specimen with the bonding length of 25.4 mm is shown in Fig. 3.19.

Test specimen

e TN

Figure 3.19. Failure mode of the single lap-joint shear test specimen.

Page. 47



Chapter 3 Preliminary Experimental Study

The concrete cracking beneath the bonding region is a typical failure mode of the compos-
ite/concrete system. Since concrete possesses a very low tensile strength compared to the
epoxy and glass fibre composite, cracks in the concrete may be easily formed when pushing
force is applied on the composite strip, which is bonded directly on the concrete surface
unless sufficient bonded length is used. This bonded length must ensure that the maximum
shear and tensile stresses in adhesive and concrete materials, respectively must not excess
its ultimate allowable stress limit. Therefore, the failure of the whole strengthening system
becomes dominating by the allowable tensile stress of the composite strip.

3.4 Optical-fibre Embedded Compaesite Structures

34.1 Introduction

Optical fibre strain sensors are used to measure strain for the composite strengthened con-
crete structure in current research. The sensors are embedded into the concrete and compos-
ite to measure internal strain when they are loaded statically. The dimension of the optical
fibre (d = 250um) is relatively small compared to the concrete structure. Therefore, it is as-
sumed that no significant influence of the mechanical strength to the sensor-embedded
structure. However, for the composite structure, particularly for very thin composite lami-
nate, the influence to its mechanical strength after embedding the optical fibre becomes sig-
nificance. To apply the strain sensing technology by using optical fibre sensor, an under-
standing on the effects of this sensor to the composite laminating structure is essential. Two
common experimental studies in investigating the internal strength of the optical fibre em-
bedded composite structure have been conducted, which include: (1) short beam shear and
(2) flexural strength tests.

3.4.2 Short Beam Shear Test (ASTM D 2334)

Short beam shear (SBS) test is designed to measure interlaminar shear strength parallel to
the fibre direction. The strength may be affected by the weakness of the matrix and fibre-

matrix hond, which is due to the inappronriate fihre coating svstem (result of weakening the
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matrix bonding characterisation), intrinsic impurity and residual stress induced inside the
structure during manufacturing process. This method is relatively simple, fast and economi-
cal, and so that it is a most common test for examining the matrix performance in composite
structures, in particular the interlaminar shear properties. However, translaminar and inter-
laminar fractures, which are due to the load nose stress concentration can also be examined
by performing this test. Although this test can not be used to exactly determine the shear
properties of the fibre-matrix system, it can provide a very useful comparative information

to the different composite structures.

Fig. 3.20 shows the dimension of the testing specimen and the experiment set-up of the
short beam shear test. The method consists of applying 3-point bending load to a small
piece of composite specimen with the dimension of 12 mm x 10 mm x 2 mm. It requires
approximately six layers of composite laminate to achieve the thickness of 2 mm (vr =
22%). The optical fibres (a fibre that is used to make the FBG sensor) were embedded in-
side the glass fibre composite at the interface between different laminate layers in both the
longitudinal and lateral directions. The dimension of the specimen is set to control the fail-
ure of the test pieces initiating only in shear before any flexural breakage of the fibre at the
bottom surface occurs. The interlaminar shear strength, 1), is determined by the following
equation

3P
T2 =m (3.7)

where P, b and d denote the applied load, depth and width of the specimen, respectively.
istlayer Load applied Load applied

Glassfibre composite
Lateral direction laminate
————

Longitudinal direction
R

Figure 3.20 The short beam shear test for optical-fibre embedded composite structure.
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3.4.3 Flexural Strength Test (ASTM D 790)

The test is designed to measure the laminate flexural strength under 3-point bending load.
The recommended span to depth ratio of 40:1 is chosen to ensure true flexural failure and to
minimise the effects of shear stress and transverse crushing by the loading anvils [Rubin
1991]. The experiment set-up is similar to that for the short beam shear test. The dimension
of the testing specimen was 120mm x 10mm x 2mm. The distance between two roller sup-
ports was 100mm. The optical fibres were also embedded into the specimen in either the
longitudinal or lateral directions at different interlaminate layers during lay-up process. The
flexural strength, oy of the specimen after testing is estimated by

o, oL LZ (3.8)
2bd

where L is the span of the test specimen.

3.4.4 Results Interpretation

A total of 160 test specimens have been used and ten specimens were required for each in-
dividual test to ensure reliability of the testing results. Table 3.6 lists all experimental results
for both the short beam shear and flexural strength tests for the optical fibre embedded
composite structures. According to the testing results, it is obviously shown that there are no
significant effects to the composite structure when the optical fibre is embedded longitudi-
naily in terms of its short beam shear and flexural strengths. Reduction of flexural strength
to 12% is resulted when the optical fibre is embedded laterally at the interface between the
1% and 2" layers of glass fibre composite laminate. Only slight reduction in the short beam

shear strength for the composite with the embedment of optical fibre in lateral direction.

Page. 50



Chapter 3

Preliminary Experimental Study

Table 3.6 Experimental results of the short beam shear and flexural strength tests for the
optical fibre embedded glass fibre composite specimens.

Short beam shear test (MPa) Flexural strength test (MPa)

Optical fibre in Lateral Longitudinal Lateral Longitudinal
Mean | S.D. | Mean | S.D. | Mean | S.D. | Mean | S.D.

Sensor located at
1** and 2™ layer 1775 | 054 | 18.72 | 027 | 159.1 | 4.54 | 2038 | 2.18
3" and 4™ layer 17.94 | 026 | 18.66 | 0.36 | 188.6 | 3.56 | 200.3 | 3.94
5% and 6" layer 1891 | 043 | 1852 | 0.12 | 1909 | 3.79 | 198.7 | 2.96
No sensor specimen | 18.82 | 0.15 | 18.82 | 0.14 | 202.1 | 2.13 | 202.1 | 236
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CHAPTER 4

CONCRETE CONFINED BY COMPOSITE WRAP

4.1 Introduction

This chapter presents the mechanical behaviour of concrete cylinder wrapped by glass fibre
composite laminates. Laboratory-sized concrete cylinders with a diameter, d of 100 mm and
height, 4 of 200 mm were used in the present study. All fabrication procedures were similar
to the plain concrete cylinder as described in Chapter 3.2. Two types of specimens were
used in the study, which include plain and notched concrete cylinders. Balanced type
(0°/90°) glass fibre composite laminates were laid-up directly on the circumference of the
concrete surface to activate the constraint action when the concrete is subjected to compres-
sion load. Sand blasting and vacuuming were required on all bonding surfaces in order to
remove un-bonded particles and dusts. Lay-up process was performed after 28 days of cur-
ing of the concrete. All wrapped concrete cylinders were then subjected to an uni-axial
compression test. Surface mounted strain gauges were used to measure strain in both the
longitudinal (loading) and lateral (hoop) directions. Three testing specimens were used for
each individual test, i.e. specimens were made at the same day and controlled environment.
In later section, finite element method (FEM) was adopted to investigate the mechanical
behaviour of composite wrapped concrete cylinder with different wrapping materials and
bonding dimensions. Bonding length was defined as the length of composite that is used to
wrap the cylinder in longitudinal direction. The composite laminate was symmetrically
wrapped on the concrete cylinder about the mid-height axis (A/2).
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4.2 Plain and Notched Concrete Cylinders Wrapped by Glass Fibre

Composite

4.2.1 Experimental Study

The plain concrete cylinders were wrapped by different layers of the glass fibre composite
with two different bonding dimensions. E-glass (0°/90°) woven fabric and Araldite MY750
epoxy resin were used to form glass fibre reinforced plastic (GFRP) composites. Both warp
and weft fibres were aligned along the cylinder longitudinal and hoop directions, respec-
tively. A notch was made with a ratio of 0.2 to the diameter of the cylinder for some testing
specimens in order to simulate the existence of a crack. The distance between two inner
notches surface was 2 mm apart. All the GFRP composite laminates were laid —up with one-
quarter overlap length after one successful wrap. This method was used to avoid spitting
failure at the weakest joint region, i.e. end to end connection of the laminates. Plastic film
with pre-smeared releasing agent onto inner surface was used to cover the laid-up composite

in order to avoid contamination and water absorption during the curing process.

The size of the wrapping laminate for the notched concrete cylinder was gradually de-
creased with increasing the number of laminate layers in order to minimise the interlaminar
shear and peel-off stresses at bond end regions. Fig. 4.1 illustrates the plain and notched
concrete cylinders wrapped by the GFRP composite laminate. The dimension and wrapping

layers of composite of all testing cylinders are listed in Table 4.1.

The experiment set-up was same as the uni-axial compression test for the plain concrete
cylinder as mentioned in Chapter 3. Both compression surfaces of the cylinders were pol-
ished before laying-up the composite. Steel platens were used in compression-testing ma-
chine. Transparency plastic plate was placed in front of the testing chamber in order to
avoid injury due to explosive action of the testing cylinders. External bonded strain gauges
were used to measure surface strains of the composite when it was subjected to compression
load. Strain and load values were recorded up to the condition when the ultimate load of the

testing cyiinder was reacned.
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wrapped by GFRP
laminate around part of
circumference.

Notched concrete cylinder
wrapped by GFRP

laminates with different bonding
dimensions and layers.

Figure 4.1 A schematic diagram of the plain and notched concrete cylinders wrapped by

glass fibre composite laminate.

Table. 4.1 Details of all testing specimens.

Code Cylinder | Wrapping Bonding Bonding pattern
type layer length
(mm)
CwC200-1 Plain t 200 Fully covered the whole circumference of the
CWC200-2 2 200 cylinder.
CWC200-3 3 200
CWC150-3 Plain 3 150 Partly covered the circumference of the cylinder.
CWC150-5 5 150
CWC150-10 10 150
NC100 Notched - -— -
CWNC100-15 15 100,75,50, | The first three layers: L=100 mm, 0=360°.
25 The second four layers: L=75 mm, 6=280°.
The third four layers: L=50 mm, 6=200°.
The last four layers: L=25 mm, 8=106°.

CWC: Composite wrapped concrete.
NC: Notched concrete.
CWNC: Composite wrapped notched concrete.

The experiment results of the wrapped concrete cylinders after testing are plotted in Figs.

4.2 to 4.4. All strains shown in the plots are average values, which are obtained from three

strain gauges attached at as the positions indicated in Fig. 3.5.
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Figures 4.2a and b Experimental results of the test specimens CWC200- 1 after compression

test.
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Figures 4.2¢ and d. Experimental results of the test specimens CWC200-2 after compres-

sion test.
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Figures 4.2¢ and f. Experimental results of the

sion test.

450
o 400 1
% 350 1
3 300 |
2 250
2 200
§ 150 - —o—Sample # |
.
E 100 —&—Sample #2
=)
o 50 | —4—Sample # 3

0
0 1000 2000 3000
Longitudinal strain ()
(a)

350 1

Compression load (KN

500 1000 1500 2000
Hoop strain (pe)

®

test specimens CWC200-3 after compres-

450

400 1
350 |
300 1
250 1
200

150 1
100 -
50

Compression Load (kN

0

——~Sample # |
-8—Saple # 2
—a—Sample # 3

1000 2000 3000 4000
Hoop strain (ug)

(b)

Figures 4.3a and b. Experimental results of the test specimens CWC150-3 after compres-

sion test.
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Figures 4.3c and d. Experimental results of the test specimens CWC150-5 after compres-
sion test.
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Figures 4.3¢ and f. Experimental results of the test specimens CWC150-10 after compres-
sion test.
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Figures 4.4a and b. Experimental results of the test (notched) specimens NC100 and
CWNC100-15 after compression test.

4.2.2 Result Discussions

The test results of the concrete cylinders with and without strengthening by glass fibre com-
posite wraps under the applied compressive load indicate that the ultimate compressive
loads increase with increasing the number of wrapping layers for the wrapped cylinder with
the same bonding length. The average values of all testing results are summarised in Tables

42t04.4.

From the tables, it is obviously shown that the strength of the wrapped concrete cylinder
increase with an increase of the stiffness as well compared with the plain concrete cylinder.
The load strain relationship in lateral direction was found similarly and remains approxi-
mately unchanged in load up to 75% of its ultimate load value. The combined plots are

shown in Fig. 4.5.

The load-strain relationships vary when further increasing the compression load. It is sus-
pected that micro-cracks and debonding between aggregate and cement occurred beyond
this limit. However, the comparison of the results of the wrapped cylinders with two differ-

ent bonding lengths shows that the use of a long bonding length for concrete confinement
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may give a better strengthening characteristic compared with a concrete cylinder with a
short bonding length. The ultimate compressive strength of the test specimen with 10 layers
of the composite wrap and the bonding length of 150 mm is similar that from the test

specimen with 3 layers of composite wrap and the bonding length of 200 mm.

Table 4.2. The average ultimate compressive load of the test cylinders with the bonding
length of 200 mm. (Specimens types: Plain, CWC200-1 to 3)

Sample Number 1 2 3|Avergae S.D.

Plain cylinder 390 385 400| 391.66667 7.64
Wrapped by | layer GFRP 410 415 420 415 5
Wrapped by 2 layers GFRP 420 440 440{ 433.33333 11.5
Wrapped by 3 layears GFRp 445 450 445| 446.66667 2.88

Table 4.3. The average ultimate compressive load of the test cylinders with the bonding
length of 150 mm (Specimen types: Plain, CWC150-3, 5 and 10).

Sample Number 1 2 3|Avergae S.D.

Plain cylinder 390 385 400| 391.66667 7.64
Wrapped by 3 layers GFRP 395 4224 415 410.8 14.17
Wrapped by 5 layers GFRP 400 415 433 416 16.5
Wrapped by 10 layears GFRp 431.5 440 440| 437.16667 432

Table 4.4. The average ultimate compressive load of the notched concrete with and without
wrapping by glass fibre composite. The bonding lengths were varied to the thickness
(Specimen types: Plain and notched (NC100 and CWNC100-15) cylinders).

Sampie Number 1 2 3|Avergae S.D.

Plain cylinder 390 385 400| 391.66667 7.64
Notched cylinder 320 350 330{ 333.33333 15.27
Wrapped notched cylinder 425 430 440! 431.66667 7.63
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Load-strain curves for concrete cylinders with and
without wrapping by GFRP (L=150 mm)
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Load-strain curves for concrete cylinders with and
without wrapping by GFRP (L=200 mm)
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Figure 4.5 Load-strain relationships of two different types of test specimens: CWCI150 (a)
and CWC200 (b).
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At the peak loading condition, several visible white track lines, which might be due to the
formation of micro-cracks on the concrete surface, were observed. Split-off failures in the
composite laminates occurred when further applying the compression load to failure condi-
tion. Cracks in composite were initiated at the middle height of the cylinder for thin layer
wrapped cylinders and propagated toward both ends of the wrapping laminate in the direc-
tion of the applied load. For the 5 and 10 layers wrapped cylinders, unlike the thin compos-
ite wrapped cylinder, cracks were started at both ends of the wrapping laminate. Explosive
failure occurred in very short time after crack was initiated. The failure modes of the test

specimens with thin and thick composite wraps are shown in Figs. 4.6 and 4.7.

(a)

(b)

Figure 4.6 Failure modes of the test specimens with thin (a) and thick (b) layers of com-
posite wraps.
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Figure 4.7 Comparison of tested cylinders with and without wrapping by the GFRP com-

posites.

Comparison of notched-concrete cylinder with and without
wrapping by GFRP composite
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Figure 4.8 Load-strain curves for plain (middle line), notched (bottom line) and strength-
ened notched concrete cylinders (top line) subjected to uni-axial compression load.
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The ultimate loads of the notched concrete cylinders with and without wrapping by the
GFRP composite laminates are 331 kN and 431 kN, respectively as indicated in Table. 4.4.
It is shown that the ultimate load of the notched concrete cylinder after wrapping by the
GFRP composite is increased to 31% and 11% compared to its notched and plain statuses.
The combined plots of the plain, notched and GFRP wrapped-notched concrete cylinders

are shown in Fig. 4.8.

For the notched concrete cylinder, crack was initiated at notch-tip and extensively propa-
gated toward both compression surfaces of the cylinder (see Fig.4.9). According to the ex-
perimental results and observations during the experiments, it is found that the GFRP com-
posite material can be used as strengthening medium for concrete cylinders with and with-
out crack formation. The ultimate load capacity is increased by using the GFRP composite
wrap technique. For the notched concrete cylinder, the load capacity even can be restored to

its plain status with the appropriate number of composite wraps.

Figure 4.9 Failure patterns of the notched concrete cylinder

The failure mode of the wrapped concrete cylinders with 5 and 10 layers of composite
wraps show that the hand lay-up technique by using epoxy resin do provide a very strong
bonding between the concrete and composite. Nearly all materials inside the concrete were
exploded-off when the wrapped cylinder reached its failure load condition. However, the
wrapping composite laminate could remain adhere the concrete tightly without substantial
failures by debonding or peeling-off. Fig. 4.10 gives photographs of the wrapped concrete

cylinder after exploding by compression load.
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(b)

Figure 4.10 Photographs of the wrapped concrete cylinders after uniaxial compression test:
(a) failure was happened explosively and (b) concrete and glass fibre composites failed as a
single unit.
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4.3 Numerical Study on Composite-wrapped Concrete Cylinders

4.3.1 Introduction

This Chapter aims to discuss the mechanical behaviour of plain concrete cylinder wrapped
by composite or other high strength materials in order to achieve an efficient strengthening
characteristic using finite element and analytical methods. The model used in current study
is targeted on laboratory-sized concrete cylinder. The effects due to the use of shear rebars
and embedded steel reinforcement, and the failure patterns due to the size effects are not
included in the Chapter. In this Chapter, several significant effects in the field of concrete
confinement by using either steel jacketing or composite wrapping techniques are ad-
dressed.

It is well known that the load carrying capacity of the wrapped concrete cylinder should be
increased compared with its virgin status without considering its degradation due to the
chemical interactions between concrete and wrapping materials. However, the stress distri-
butions in the wrapping material with different mechanical properties and bonding dimen-
sions of the wrapped concrete cylinder are always ignored by many researchers and engi-
neers. Therefore, this Chapter intends to point out these effects by numerical and analytical
methods.

4.3.2 Characterisation of Wrapped Concrete System

Karbhari et al (1997) and Zhang et al. (1998) found that the stress-strain response of the
wrapped concrete cylinder under uniaxial compression load shows a bi-linear characteristic
i.e. the initial response is almost linear up to a point, which is called “kink point”. At this
point, the wrapping sheet starts to activate the confining action. The concrete began to fail
beyond this point, and the curve continues almost in liner manner with a reduction of slope.
After the kink point, substantial visible cracks in the concrete and debonds at the interface
between composite and concrete appear [Christropher, 1994]. Figure 4.11 shows the typical
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stress-strain response of the glass-fibre composite wrapped concrete cylinder subjected to

uniaxial compression load [Toutanji, et a. 1998].
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Figure 4.11 Stress-strain response for E-glass fibre composite wrapped concrete cylinder
subjected to uni-axial compression load.

The load-deformation response of the typical civil concrete structure is shown in Fig. 4.12.
The stress-strain behaves in a linear fashion up to yield stress and rapidly reaches its ulti-
mate stress (called the compressive strength). Following this is a descending branch, which
is normally called the softening region. The axial strain of the concrete cylinder continues to
increase as the compressive stress decreases. At a stress level of approximately 70% of the
peak-strength, lateral deformation raises rapidly and many extensive vertical cracks appear,
the value of Poisson’s ratio at peak being equal to 0.5 [Neville 1995].

Figure 4.13 shows the deformation of the plain concrete cylinder subjected to uni-axial
compression load with different platen materials. It is demonstrated that the radial expan-
sion of the column is highly dependent on the modulus and Poisson’s ratio of the wrapping
material. Therefore, in designing the wrapping system, attention should be paid to the real
practical situation, particularly at the load bearing joint and connection of the wrapped con-

crete structure in arder to achieve the maximum ctrendgthenina capacity of the structure
structure in order to achieve the streng g cap af the structure,
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Steel and composite wrapped systems are used to constrain the expansion of the concrete

structure in order to maintain its structural integrity by minimising crack .formation.
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Figure 4.12 Stress and strain curve for plain cylinder subjected to uniaxial compression
load.
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Figure 4.13 Effects of deformation on concrete cylinder under compression with different
platen properties, (a) hard platen and (b) soft platen.
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Zhang et al. (1998) found experimentally that splitting failure in the hoop direction of the
wrapped concrete cylinder starts at both ends of the wrapping sheet and propagates toward
the middle of the column. The failure mode of the composites wrapped concrete cylinder is
shown in Fig.4.6. The failure mechanism of the wrapped column after testing is schemati-
cally illustrated in Fig.4.14. The column was wrapped by thick E-glass woven composites
and tested under steel platen, i.e. the top and bottom-centre regions inside the concrete were
subjected to tri-axial compression stress so that no deformation would occur in either radial
or hoop direction. According to the test result shown above, it is worth to investigate in
depth the mechanical behaviours of this wrapped concrete system, particularly at the bond-

end regions.

P2>P1>Po

Po Pi P2

(n (i) ()

(I)  Load is applied the surface of the wrapped concrete column.
(II')  Cracks are initially started at both ends of the reinforced plate.
(II') Cracks are propagated toward the middle of the wrapped column.

Figure 4.14 Failure mechanism of wrapped concrete cylinder subjected to compression
load.

[n the section, a FEM method has been used to investigate the mechanical responses of the
concrete cylinder wrapped by different wrapping materials, bonding lengths and thick-
nesses. A theoretical equation has been established to determine the shear stress distribution
along the bonding line of an adhesive material. The results are then compared with the FEM

solutions.
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4.3.3 Numerical Analysis
4.3.3.1 Finite element model

The wrapped concrete cylinder is modelled as an axis-symmetrical cylinder. The size of the
plain concrete cylinder is 100 mm in diameter (D) and 200 mm in height (ho). A global co-
ordinate system is used: x, y and z-axes represent the radial, hoop and axial directions of the
wrapped column respectively. MSC/Nastran FEM Package was used to model the geome-
try. The element used to mesh the column was Parabolic Tria6 (Fig. 4.15).
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Figure 4.15 Finite element model for wrapped concrete cylinder
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Three nodes are distributed along the three edges of each parabolic triangular element. The
mesh consists of 50 elements and 200 elements in the radial and axial. directions, respec-
tively. Steel platen is modelled at the top of the wrapped concrete cylinder. A uniform pres-
sure is applied on the top of the platen in order to simulate the real testing condition and to
prevent stress concentration at the top surface of the concrete cylinder. The top surface of
the wrapped concrete cylinder is constrained in the radial and hoop directions while the

bottom surface is fixed. The centre line of the column is allowed to move vertically.

Different bonding lengths, wrapping materials and sheet thicknesses have been modelled
individually to observe the mechanical responses under the same loading condition. The
kink load is determined by applying the load to its critical axial deformation value §° of the

plain concrete cylinder, i.e. the deflection of plain concrete cylinder at yield condition
[Zhang et al, .

The FEM model was verified by the experiment for the concrete cylinder with wrapping by
3 and 10 layers of glass fibre composite laminates. The results of comparison are plotted in
Fig. 4.16 and these results have a good agreement with the experimental data. It is noted
that the experimental results of 3 [ayers composite wrapped concrete cylinder have a small
scatter range, and the predicted results are relatively closer to the experiment data.
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Figure 4.16 Comparison of FEM simulation and experimental data for the concrete cylin-
ders with wrapping by 3 layers (a) and 10 layers (b) glass fibre composite laminates.

4.3.3.2 Axial deflection (5°) of wrapped concrete cylinder

The axial deformations of the wrapped concrete cylinder are plotted in F ig. 4.17. The figure
shows that increasing the bonding length of the wrapping sheet greatly reduces the axial de-
formation of the wrapped concrete cylinder, especially when a high modulus wrapping sheet
is used. A thick wrapping sheet also provides a better holding force to the concrete cylinder
compared to thin wrapping sheet. In turn, the low modulus material does not influence the
structure significantly regardless of the bonding length or the thickness of the material.

4.3.3.3 Kink load and wrapping efficiency

The plots of the kink load versus modulus of the wrapping material are shown in F ig. 4.18.
The kink load increases significantly as the bonding length increases. For the E; =200 GPa
with a bonding length of 200 mm, the value of the kink load measures almost twice as the
same model with a bonding length of 50 mm under the same loading condition. However,
for the E;, = 11 GPa, the kink load also increases with the bonding length but the increase is
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less significant. The wrapping efficiency n. presented in percentage can be expressed as

[Zhang et al. 1998]

= £, k".k -100%

)

(4.1)

where ks and k, denote the kink load for the plain and wrapped concrete cylinders at 5

condition, respectively.
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Figure 4.17. Deflection vs different bonding length of wrapped concrete column for tp =

0.5 mm (a); | mm (b); 3 mm (c) and 5§ mm (d).
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Figure 4.18. Kint load vs different reinforcement modulus of wrapped concrete column for
L¢= 200 mm (a); 150 mm (b); 100 mm (c) and 50 mm (d).

4.3.3.4 Hoop stress of the wrapping sheet

The phenomena of splitting failure at both ends in the wrapping sheet can be explained by

the result obtained from the FEM. Negative hoop stress is observed for the models with

lc::g bondine lnr\gﬂﬁ and hich wm".__pping material madulue Hawever this does not hapnen
= ~ Ead S s
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with short bonding length and low wrapping material modulus (and low Poisson’s ratio).
Maximum hoop stress is measured at both ends of the bond in the wrapping sheet. Figure
4.19 shows the plots of the hoop stress along the bonding length from z = 0 with different
wrapping sheet moduli. High hoop stress is found at the end of the wrapping sheet (z/L¢ = 0)
and gradually decreases towards the middle of the column (z/L¢ = 0.5). For the wrapping
sheet with E; = 11 GPa and v = 0.13, the hoop stress is positive for bonding lengths from L¢
=50 mm to 150 mm. However, for the plots of Ly = 100 mm and 150 mm, negative hoop
stress is measured closed to the middle of the column for the wrapping sheets with modulus
Ep 2 50 GPa. This implies that the wrapping sheet may not provide the constraint action in
the hoop direction throughout the whole wrapping system. Part of the concrete cylinder,
particularly closed to the middle of the column, sustains the tensile stress rather than con-
straint force from the wrapping sheet. However, the lateral strain measured experimentally

of the wrapped concrete specimen shows a positive value due to the Poisson’s effect

£ (z)= EL[G: -v’ (O'f +of )] 4.2)
P

The axial compressive stress of the wrapping sheet reaches maximality at the middle of the
column. The Poisson’s expansion in the hoop direction due to the large compressive stress
in the wrapping sheet becomes the main contribution to the hoop strain (g¢°) of the whole
wrapping system. Thereupon, the hoop stresses in concrete and wrapping material are de-
pendent on the difference of Poisson’s ratio and axial compressive stress in both materials.
For the wrapping sheet with high modulus and Poisson’s ratio, a large part of the axial load
is taken by the wrapping sheet, and therefore, the Poisson’s expansion in the wrapping sheet
becomes greater than that in the concrete. Eventually, the negative hoop stress occurs due to
the existence of these differential Poisson’s and modulus effects. The schematic diagram of
this Poisson’s effects at the middle of the wrapped column is shown in Fig. 4.20.
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Figure 4.19. Hoop stress distribution along the bonded line of wrapping material with tp =
3 mm and L¢= 150 mm (a); 100 mm (b) and 50 mm (c).
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Applied load (P)

Steel platen

Concrete column

|- Wrapping plate

Vplate > Vconcrete  (Poisson’s ratio)

Expansion constrains by both materials
with different Poisson’s ratio

Figure 4.20. Poisson’s effects of the wrapped concrete column.

The maximum hoop stress in the wrapping sheet and the distance of zero hoop stress from
the bond end increase as the modulus of the wrapping sheet and the bonding length de-
creases, respectively. This infers that the effect of negative hoop stress can be minimised by
reducing the bonding length to some critical limit. Figure 4.21 shows that the maximum
hoop stress of Ly=150 mm with a modulus of wrapping sheet of 200 GPa is almost twice as

measured for the same wrapping system with the modulus of 100 GPa.

The optimisation of this phenomenon can be achieved by plotting the diagram, which indi-
cates the location of zero hoop stress z, versus different bonding length (see Fig. 4.10). The
diagram indicates that no negative hoop stress occurs when the bonding length Ly is less
than 0.35h,, where b, is the height of the column.
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Figure 4.21 Plot of the location of zero hoop stress z, measured from FEM (E,=200 GPa;
=5 mm and P=40 MPa)

Hoop stresses of the concrete cylinders wrapped by different modulus of wrapping sheets
are shown in Figs.4.22 and 4.23. They are clearly shown that the hoop stress increases with
an increase of wrapping modulus while the location of zero hoop stress measured from the

sheet end is decreased.
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(b)

(c)

Figure 4.22 Contour of hoop stress extracted from the FEM for wrapped concrete cylinders
with t, = Smm. Ey=11 GPa (a), Ep=100 GPa and E,=200 GPa.
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(a)

(b)

(c)

Figure 4.23 Contour of hoop stress extracted from the FEM for wrapped concrete eylinders
with t, = 3mm. Epy=11 GPa (a), E;=100 GPa and I,=200 GPa.
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4.3.4 Theoretical Approach (adhesive shear stress)

Current literature in the field tends to pay little attention to the effect of adhesive shear
stress in the wrapped concrete system. However, the adhesive material plays a very impor-
tant role in the wrapping system. It must function to fully transfer stress from the concrete
cylinder to the wrapping sheet without failure. Otherwise, the effective bonding length of
the wrapping sheet is reduced. However, in some particular case, a bond is not required for
seismic retrofit [Seible et al, 1997].

Figure 4.24 shows a theoretical model for determining the adhesive shear stress in the axial
direction. The subscripts po and co denote the condition of the concrete and the wrapping
sheet at the middle of the wrapped concrete cylinder, respectively. o and L¢ represent the
axial stress and total wrapped length, respectively. To simplify the procedure of analysis,
several assumptions are used, which include:(1) the stresses in the adhesive layer do not
change with the thickness; (2) all materials behave elastically and iso-tropically under
loading condition; (3) no slipping occurs at the interfaces between all bonded layers and (4)
the axial strains in different materials distribute uniformly through the depth of each section.

Co
@ Pe(z)+dP(z) Pc(z)+dPy(2)
A Concrete ‘
N l gt o 4T,
X 5] Pl’ﬂ(l) ity =5
Le s 3l s | =
2 —— . "
< - Wrapping ; i
! plate T ¢
\ & ﬁ ﬁ G -G dP«(z) dPy(2)
Gpo Gco GCpo ? Zl: it; o

Figure 4.24 Theoretical model for evaluating the shear stress distribution of an adhesive

matarmal alana tha handad lina
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The adhesive shear stress 4(z) is expressed as the product of shear modulus G, and shear

strain Y,(z) of the adhesive material in any particular position, z along the bonding line:
ta(z) = GaYa(z) 4.3)

and y,(z) can be expressed as

w,(z)-o.(2)
t

a

7.(2) = (4.4)

where wp(z) and w.(z) denote the axial displacements of the wrapping sheet and the con-
crete, respectively. Substituting Eq.(4.4) into Eq.(4.3), the following expression is obtained
after differentiating Eq. (4.3) and considering the strain compatibility:

dra(z)__G_a_ da)p(.?)_da)c(z)
= 1, dz dz

): ?—"[g 2(2) —sc(Z)] (4.5)

where €;(z) and &.(z) denote the axial strains of the wrapping sheet and concrete. The axial

loads in the concrete and wrapping sheet are given by

dP (z)
AR (4.6)
aF. f) =1,(2)b, @.7)

where by(z) = 2nr; and be(z) = 2nr.. Differentiating the Eq. (4.5) again after substituting
Egs. (4.6) and (4.7) yields

2 -~ 2 o]
dn@ G _2r 2 7.(2). (4.8)
i“:- [a Ep (;U- -’-l-) ECrC

The solution to Eq.(4.8) is given by
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1a(2) = C cosh(Bz) + C; sinh(pz) 4.9)
where B= 2G, ( £ + L . (4.10)
t, \E,¢c2-r}) Eur,

Two boundary conditions are needed to determine the constants C; and C,:

P(L,)=P
P,(0=0  and P(Er)=h (4.11)
7,(L;)=0

in which P, is the maximum axial load of the wrapping sheet and can be evaluated by ap-
plying the strain compatibility condition at the middle of the wrapped concrete cylinder, i.e.
ge(Le) = gp(Ly):
p=——t — 12
o= (4.12)
—— 4. +4,
E .

where P. A, and A, denote the applied load on the concrete surface, cross section area of the

wrapping sheet and concrete cylinder, respectively. The constants C, and C, are obtained as

C,=——-P"‘B—_,Sr and  Cp=C (4.13)
b, (1-e)

Therefore, the axial stress in the wrapping sheet at z = L¢ and shear stress distribution in the

adhesive layer along the bonding line can be given by

P
- 414
Tro an+1 .14)
Pp ~
r(s)=—2t d.15)
b (1-e ﬂ’“’)
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where a (=E4Ep) and n (=AJ/A,) represent the modulus and area ratios of the concrete to
wrapping sheet, respectively. In Eq. (4.15), it is obviously shown that the maximum shear

stress of the adhesive material is reached when z=0. It is then possible to write Eq. (4.15) as

EB

=0 4.16
b,(1-e") (416

a,max

The results from Egs.(4.14) and (4.16) and FEM are plotted in Figs.4.25 and 4.26. The theo-
retical results give good agreement with the FEM solutions. The axial stress in the wrapping
sheet increases as the thickness and modulus of the wrapping sheet increase. This implies
that a part of the axial load is shared by the wrapping sheet and therefore, the dilation of the
concrete cylinder can be minimised. This phenomenon is true only when the wrap is cov-
ered along whole cylinder, and therefore a part of the load is directly applied to the end of
wrapping sheet. [n turn, for a shorter bond length of the wrap, this phenomenon is valid up
to a point where the axial stress does not increase continuously with increasing the thickness

and modulus. It is due to the failure of the concrete in unwrapped area.

300

250
200
150 —fe tp = 5.0 mm

[ tp =0.5 mm (FEM)

100 ° tp = 1.0 mm (FEM)

Axial stress (MPa)

a tp=30mm (FEM)
50
. tp =35 0 mm (FEM)

0 10 30 120 160 200

Plate modulus (GPa)

Figure 4.25 The axial compression stress of the wrapping material with different wrapping
thickness and modulus.
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Figure 4.26 Maximum shear stress in the adhesive material with different wrapping sheet
properties.

However, for the low modulus of wrapping sheet, the effect caused by the wrapping thick-
ness becomes less significant. The maximum adhesive shear stress T, max increases with the
modulus of the wrapping sheet, and decreases with the adhesive thickness. In general,
modulus and strength are the dominating factors that are used to select the material for con-
fining the concrete structure. However, adhesive shear stress increases with the use of thick,
high modulus wrapping sheet. Once the failure of the adhesive material occurs, the effective
bonded length of the wrapping sheet is reduced subsequently. Eventually, the increases of
the hoop stress in the wrapping sheet and axial deformation of the wrapped concrete cylin-

der and the decrease of the wrapping efficiency in the wrapped concrete system are resulted.

43.5 Summary

The Chapter discusses several failure mechanisms of the wrapped concrete cylinder with

different bonding length, sheet thickness and wrapping materials through experimental in-
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vestigations, numerical analysis and theoretical study. Several conclusions can be drawn as

follows:

[ ]
H

(¥

. The ultimate load capacity of the concrete cylinder increases with the use of composite

wrap technology. It is increased with increasing the number of wrapping layer and
bonding length. Also, no slipping and debond failure were observed when ultimate load
was reached.

The load carrying capacity of the wrapped concrete structure is governed by the me-

chanical properties, such as modulus and Poisson’s ratio, of the wrapping sheet.

. The deflection of the wrapped concrete cylinder in the load direction decreases as the

modulus of the wrapping sheet, bonding length and thickness increase, bringing higher
wrapping efficiency (nu).

However, negative hoop stress may be resulted by using thick and high modulus of
wrapping sheet, and with long bonding length for the wrapped concrete system.

The maximum hoop stress is located at both ends of the wrapping sheet. The initiation
of cracks at both ends of the wrapping sheet and splitting-off failure were observed in
the experiments. Furthermore, adhesive shear stress increases with the use of high

modulus and thick wrapping sheet.

. The optimised bond length of the wrap can be evaluated using the method shown in Fig.

4.21. However, too short bonding length may increases the maximum hoop stress in the

wrapping sheet.
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CHAPTER S

COMPOSITE BONDED CONCRETE BEAMS

5.1 Experimental Study
5.1.1 Introduction

In this chapter, the mechanical behaviours of concrete beam with and without strengthening
by externally bonded glass fibre composite plates are investigated. Rectangular concrete
beams were manufactured for standard three point bending test. Notches were made in some
of the rectangular concrete beams with notch-to-depth ratio of 0.2 in tension surface. This

functions to simulate damaged structure for later repair process.

Five different types of beam configurations were tested in present study, which include (1)
plain concrete beam, (2) notched concrete beam, (3) plain concrete beam with externally
bonded glass fibre composite, (4) notched concrete beam with pre-filled epoxy resin inside
the notch, and (5) same as (4) with strengthening by glass fibre composite. All the beams
were then subjected to three point bending test in order to investigate their mechanical re-

sponses after strengthening.
5.1.2 Specimen Fabrication and Experiment Set-up

Total 54 rectangular concrete beams were made for three point bending test. Three standard
size steel moulds were made to manufacture the concrete beams. Releasing agent was ap-
plied to all inner surfaces of the steel mould in order to make ease for de-moulding. All
moulded concrete beams were removed from the mould after 24 hours and placed inside a

temperature controlled water bath as shown in Fig. 3.2 for extra 28 days for curing. Notches

ceeminm e A len .. dme b PUPER R P e Y b |28 ' '
WCIC madc in Somc recangular Scams on s tension (bottom) surface by using high speed
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cutting disc with a notch-to-depth ratio of 0.2 in order to simulate damaged concrete struc-
ture for repair. The width of the notch was 2 mm apart from both inner surfaces. Total three
concrete specimens were used for each individual test. The configurations of all testing

specimens are summarised in Table 5.1 and the abbreviations of the specimen code are il-

lustrated in Fig. 5.1.

Table 5.1 Descriptions of all testing beams for three point bending test.

Code Typeof | Strengthening No. of Descriptions
concrete status laminate
specimen layer(s)

PC Plain None — Same as Chapter 3.2.1.3.

PC3L3 Tension surface | 3-3" | Glass fibre composite

PC3L6 (pre-cured plate | 3-6" | plate was fabricated before

PC3L10 bonding) 3-10" | bonding on the concrete

PC6L3 6-3" | surface.

PC6L6 6-6"

PC6L10 6-107

PCI0L3 10-107

PCI0L6 10 - 10”7

PCIOL10 10-10”

PC3L10H Hand lay-up 3~-10" | Glass fibre composite
laminate was laid up di-
rectly on the concrete sur-
face.

NC Notched None -

NCF Epoxy filled - Epoxy resin was filled in-
side the notch.

NCFILT16* Tension surface | 1 -16"

NCF2LT16* Tension surface | 2-16"

NCFILS16-W* Shear surfaces 1-16" | Plates were bonded on

NCF2LS16-W* Shear surfaces 2-16" | whole side surfaces.

NCF6L3FV’ Three faces 6 Plates were bonded on
both tension and shear sur-
faces. The bonding lengths
varies with thickness.

* All glass fibre composites were laid-up directly on the concrete surfaces and notches were
filled by epoxy resin.
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Bonding surface

T - Tension surface

S - Shear surfaces

3F - 3 Faces, both tension
Plain concrete beam  Bonding length ininch  Notched concrete beam and shear surfaces

PC3L1 NCF6L3F16V

Number of laminate layers Hand lay up Notch filled by
Epoxy resin

Number of laminate layers  Bonding length Bonding length
varies
with thickness

Figure 5.1 Abbreviations of all testing specimen codes.

Experiment set-up for the present study was similar to that the experiment for the plain rec-
tangular concrete beam under three point bending test as mentioned in Chapter 3. The MTS
810 tensile and compression testing machine with pre-installed 100kN load cell was used
and the loading rate was set as 0.5 mm/min. Machine was stopped automatically when the
strengthened beam was failed. The experiment set-up and schematic illustration for all test-

ing beams are shown in Figs. 5.2 and 5.3.

Figure 5.2 MTS 810 tension and compression testing machine with a 100kN load cell.

Page. 88



Chapter 5

Compoasite Bonded Concrete Beams

Load
PC3L10 *
3 layers 107 PC
—
_/°
Tensi f:
Glass fibre composite plate ension surface
NCF NCF1S16-W
1 V)
B 16" R
Notch with filled epoxy
NCF1T16 NCF6L3FV

1 layer ‘ < 167 > l
/‘

Sizes of the composite plates (NCF6L3FV)

Tension surface Shear surface
250 mmx 152 mm 250 mmx 76.2 mm
200 mmx [52mm 200 mm x 63.5 mm
152mmx152mm 152 mmx 50.8 mm

First two layers:
Mid-twao layers:
Last two layers:

Figure 5.3 A schematic illustration of all testing beams.
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All pre-cured glass fibre composite plates were fabricated by using hand lay-up method and
then cured by pressure compaction method. Post-curing was used by placing all the plates
into oven with temperature setting of 80°C for another 8 hours to ensure strength and qual-
ity of the composite. Epoxy adhesive was used to fill the notch of the notched rectangular
concrete beams and bond the composite plate on the pre-treated concrete surfaces. All the
composite plates were rested for 48 hours for bonding under applied pressure of 5 kPa to
ensure uniform adhesive thickness of the resultant strengthening structure. Releasing film
was placed between the glass fibre composite and flat compaction platen to avoid bonding

between both materials.

Figure 5.4 The PC10 series specimens before testing.

In Fig. 5.4, the plain concrete beams (PC series) with the externally bonded pre-cured glass
fibre composite plates with different bonding lengths are shown. In Fig. 5.5, a notched con-
crete beam with pre-filled epoxy resin inside the notch is shown. Three point bending test
was performed to compare their mechanical responses with the virgin notched beam without
strengthening. In the diagram, it is clearly seen that the notch on the top of the rectangular

beam was filled by epoxy.
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Figure 5.5 Notched rectangular concrete beam with epoxy filled inside the notch.

5.1.3 Results and Discussions

The ultimate flexural loads for all composite strengthened beams are summarised in Table

5.2 and the combined curves (maximum value) are plotted in Figs. 5.6 to 5.9. The results

shown in the table are given by the average (mean) values from three similar specimens un-

der the same testing condition.

Table 5.2a The ultimate flexural loads for the plain, notched and epoxy filled notched con-

crete beams subjected to three point bending test.

Specimen Sample | Sample 2 Sample 3 Mean value S.D.
code (kN) (kN) (kN) (kN) (kN)

PC 21.28 214 22.03 21.57 0.42
NC 16.05 17.61 16.65 16.77 0.78
NCF 21.80 21.10 22.2 21.71 0.56

Page. 91



Chapter 5 Composite Bonded Concrete Beams

Table 5.2b The ultimate flexural loads for the glass fibre composite strengthened plain con-
crete beams subjected to three point bending test.

Specimen Sample 1 Sample 2 Sample 3 Mean value S.D.
code (kN) (kN) (kN) (kN) (kN)
PC3L3 294 29.17 29.53 294 0.182
PC3L6 333 34 33.06 3345 0.488
PC3L10 33.03 33 34.35 33.46 0.77
PC6L3 354 33.2 34.03 34.21 1.11
PC6L6 36.25 34.5 34.36 35.64 1.05
PC6L10 36.768 38.07 36.26 37.1 0.935
PCI0L3 33.758 345 324 33.55 1.06
PC10L6 35.2 34.8 36.3 35.66 1.4
PC1I0L10 39.5 37.2 36.8 38.2 1.16

Table 5.2¢ The comparison of the ultimate flexural loads for the plain concrete beams
strengthening by glass fibre composite with pre-cured plate bonding and hand lay-up tech-

niques.
Specimen Sample 1 Sample 2 Sample 3 Mean value S.D.
code (kN) (kN) (kN) (kN) (kN)
PC3L10 33.03 33 3435 33.46 0.77
PC3L10H 37.13 35.26 33.1 35.16 2.01

Table 5.2d The ultimate flexural loads for the glass fibre composite strengthened notched-
concrete beams subjected to three point bending test.

Specimen Sample 1 Sample 2 Sample 3 Mean value S.D.
code (kN) (kN) (kN) (kN) (kN)
NCFITI16 31.25 32.42 33.15 32.90 0.958
NCF2T16 36.54 3546 35.68 35.89 0.57
NCF1S16-W 2236 2213 20.36 21.91 0.53
NCF2S16-W 22.89 24.15 2323 23.18 [.46
NCF6L3FV 38.93 39.21 39.00 39.01 0.15
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Figure 5.6 Load-deflection curves extracted from the experiments for the (a) plain and
notched concrete beams, and (b) the notched concrete beams with and without filling by ep-
oxy inside the notch.
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Load-strain (10 layers )
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Figure 5.7 Load-strain (measured at the middle of the beam) curves of the plain concrete

beams strengthened by glass fibre composite with different bonding lengths and layers. (a) 3
layers, (b) 6 layers and (c) 10 layers.
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Plate length =6"
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30000 - —%— 10 layers
~ 25000 { —O6layers
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Plate length = 10"

45000
35000 —x— 10 layers
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0 0.5 1 1.5
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Figure 5.8 Load-deflection curves of the plain concrete beams strengthened by glass fibre
composite with different bonding lengths and number of laminate layers. (a) 3-inches. (b) 6-
inches and (c¢) 10-inches.
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Figure 5.9 Load-deflection curves of the notched concrete beams strengthened by glass fi-
bre composite with different bonding patterns.

According to the results showed in Table 5.2a, it is found that the reduction of the ultimate
flexural load of the notched concrete (NC) beam is 22% compared with the plain concrete
beam (PC). However, the increase of the ultimate flexural load is 20% if the notch is filled
by the epoxy resin. Since the concrete is a low tensile strength material, the filled epoxy
resin could sustain tensile stress much higher than that the concrete and therefore prolong
the maximum allowable beam deflection as indicated in Fig. 5.6b. In Fig. 5.10, it is clearly
showed that the crack of the epoxy filled notched concrete beam was initiated beside the
notch region, unlike the notched concrete beam, crack was started at the notch-tip and failed

catastrophically. The tensile strengths of the concrete and adhesive materials are about 3
MPa and 90 MPa, respectively.

Fig.5.6 shows that the load-deflection curve for the notched concrete beam is initially in lin-
ear fashion with a small slope pattern. The slope then increases when the load reaches ap-

proximately 3 kN. In Fig. 5.6b, it is indicated that the epoxy filled notched concrete beam
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has higher ultimate flexural load capacity as well as beam deflection compared with the
notched beam. The epoxy acted as a strong bonding medium to hold both notch inner sur-

faces together and restricted the opening action at notch mouth region.

Figure 5.10 Failure pattern of the epoxy filled notched-concrete beam.

In Table 5.2b, the experimental results for the plain concrete beam strengthening by differ-
ent glass fibre composite layers and bonding lengths are shown. For the beams strengthened
by the composite plate with the bonding lengths of 3 inches, the results of the specimens
PC3L3, PC6L3 and PC10L3 are not significantly different to each other. It is found during
the experiment that the failures of the strengthened beam are dominated by the allowable
shear and tensile strengths of the concrete rather than externally bonded composite plate. In
Fig. 5.11, a failure mode of the plain concrete beam with the bonding length of 3 inches is

shown and a crack was found at the plate end region.

However, for the plain concrete beams with the plate bonding lengths of 6 and 10 inches,
the ultimate flexural loads increase with increasing the number of composite layers. The
maximum value of 38.2 kN was achieved for the beam with the bonding lengths of 10
inches and bonding layers of 10. For these specimens, they were failed by tension cracking
in the concrete within the composite covering regions. Several small cracks were initially

appeared on the concrete surface at the mid-beam region. Large cracks were then appeared
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at the region closed to the plate end when further applying the load. In Fig. 5.12, the failed
specimens for PC6L6 and PC10L10 are shown. The plots of Fig 5.7 clearly show that the
beam stiffness after strengthening by externally bonded glass fibre composite increases with
increasing the number of bonding layers. However, for the same number of bonding layers
with different bonding length, the ultimate flexural load also increases with increasing the

bonding lengths of composite plate.

Figure 5.11 Failure pattern of the specimen PC10L3.

In table 5.2c¢, it is indicated that the hand-lay up method gives better strengthening charac-
teristic in term of the flexural load capacity compared with the specimen, which has a same
configuration but the composite plate were bonded by pre-cured plate bonding method.
During the bonding process, it was found that part of resin have been absorbed into the con-

crete by using hand lay-up process. Therefore, it is difficult to control the fibre volume

fraction of final finished composite plate.
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(b)

Figure 5.12 The failed specimens of PC6L6 and PC10L10 after three point bending test.
Failure of the specimen of PC6L6 in tensile and shear cracks (a) and many small cracks
(white lines) appeared in tension side of the specimen PC10L10 (b) at ultimate flexural load
condition.
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The pre-cured plate bonding technique could not guarantee the perfect bond between the
concrete and the composite plate due to the existence of voids and irregular contour on the
concrete surface. However, the hand lay-up technique becomes more applicable since a
good bonding in all contact surfaces can be achieved. The composite laminate is able to lay
up along the contour of the bonding surface. The failure pattern of the PC3L10 bonded by
hand lay-up is shown in Fig. 5.13. Many small cracks appeared on the concrete surface and

a longer cracks was found at mid-beam region at ultimate load condition.

Figure 5.13 Failure pattern of the specimens PL3L10H.

For the composite strengthened notched-concrete beam, the ultimate flexural load increases
with the use of externally bonded glass fibre composite. The glass fibre composite laminates
were laid-up directly on the concrete surface by hand lay-up method. According to the re-
sult shown in Table 5.2d, it is found that the shear surface strengthening method is less sig-

nificance compared with that by bonding the composite plate on the tension surface.
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The percentage increases of the strengthened notched beam compared to the original and

notched concrete specimens is listed in Table 5.3.

Table 5.3 Comparison of the results for notched concrete specimens after strengthening by
externally bonded glass fibre composite laminates.

Specimen code Ultimate flexural Percentage increase | Percentage increase
load compared with PC | compared with NC
(kN) () (%)

PC 21.57 0 28.6

NC 16.77 -22325 0

NCF 21.7 0.61 2941

NCFILT16 32.90 52.5 96.18

NCF2LT16 35.89 66.4 214

NCFILS16-W 21.91 1.57 30.6

NCF2LS16-W 23.08 7.00 35.21

NCF6L3FV 39.01 80.8 232

The failure patterns of all strengthened-notched concrete specimen show that no crack was
initiated at the notch-tip. The filled epoxy resin provides a strong bonding between the
notch inner surfaces. Cracks were found beside the notch at the failure condition. In Fig.
5.14, a photo for a specimen of NCF1T16 is shown. It is obviously revealed that many
small cracks appeared on the tension surface of the concrete and just beside the notch-
mouth region. Fig. 3.15 also shows the failure pattern of the specimen of NCF6L3FV.
Debond and cracks were not found at the mid-beam region of the strengthened concrete
beam. The use of thick composite plate at mid-beam region gave better strengthening char-
acteristic in the concrete beam. However, the failure in peel-off at the plate end region was

observed at ultimate load condition.

A piot in Fig. 5.9 shows that the beam stiffness increases with strengthening by the exter-
nally bonded composite plates. However, the side bonding technique cannot be effectively

used to restore the original strength of the structure after damage.
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Figure 5.15 Pecl-otf tatiure occurred at the plate end region of the specimen NCF6L3FV.
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5.2 Theoretical Prediction of the Composite Plate Bonded Beam
5.2.1 Introduction

In the previous section, the mechanical behaviours of the rectangular concrete beam
strengthened by composite plate have been discussed according to experimental results.
Tension face strengthening method gives better mechanical performance of the concrete
beam when the beam is subjected to three-point bending compared with shear surface
strengthening method. Since the use of tension face strengthening method becomes an
important issue in concrete rehabilitation, a better understanding on the stress transferring
mechanism is essential. In this Chapter, a simple theoretical model to estimate shear and
peel-off stresses is proposed. Axial stresses in a FRP strengthened concrete beam are
considered including the variation in FRP plate fibre orientations, laminate layers and

mechanical properties.

The plate bonded method has been well recognised as an effective solution to reinforce and
strengthen the concrete beam in order to minimise the risk of concrete cracking, which
results the corrosion of embedded steel reinforcement. Eventually, surface concrete spalling
may happen due to the volumetric expansion of the corroded steel material. Many
researches revealed that the common failure of the plate-bonded concrete is due to the
externally bonded plate peel-off and deformation in bending of the plate with using a high
modulus material [Triantafillou, 1998]. However, high plate modulus materials are
popularly utilised because it can provide a substantial strengthening properties to the
structure.

A model, which is used for the present theoretical analysis is shown in Fig.5.16. Several

assumptions stated below are to simplify the procedure in calculation. These include:

1. Mechanical properties of all materials involved in present study behave elastically,

iincaraily and isviropicaily uniii fuiiure.
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2. No slip is allowed at the interface of bond (perfect bond between the composite and
concrete).

3. Stresses in the adhesive layer and composite laminate do not change with thickness
because both the adhesive and composite materials are very thin.

4. Bending stiffness of the concrete beam that to be strengthened is much greater than the
stiffness of the composite plate.

Centre-point load

R Concrete beam

Adhesive layer

Externally-bonded composite laminate

Figure 5.16 Rectangular concrete beam strengthened by externally-bonded composite

laminate onto the beam tension surface.

5.2.2 Adhesive Shear Stress

Adhesive shear failure is one of the most common failure patterns that may happen in plate
bonded concrete structure as illustrated in Fig. 2.2. Excess of an applied shear stress in the
adhesive layer leads to the failure at the interface between the concrete beam and composite,
and results in the reduction of effective bonding length of the plate. Fig. 5.17 illustrates the
theoretical model for evaluating the adhesive stress transfer properties for current study.

From the diagram, the compatibility expression for the shear stress in the adhesive layer at

any section X is given by
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Applied load (P)
@. Beam width = ®

)

uc(X)
Mec MctdMe 1 I-_

k==

Concrete | |

=l el
o oax) |

Adhesive ‘ ’

layer

FRP C
laminates

Figure 5.17 A model of the strengthened rectangular beam

G
£ (1) === {u, (x) - u.(x) (5.1)

d

where G, fa, 4. and up denote shear modulus, thickness of the adhesive material.
displacements of the concrete and externally bonded composite plate at the boundary of

bond, respectively.

Eq.(5.1) can be expressed in terms of mechanical strains of the concrete, &(x) and

composite plate &(x) after differentiating with respect to x. i.e.
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=22 (¢, (x)-¢.(x)) (52)

where

du, (x)

=¢,(x) (5.3a,b)

The tensile strain at the bottom of the beam is induced by two basic stress components
including (1) tensile stress induced by the bending moment, M(x) in the beam and (2) axial
stress induced by the adhesive shear stress, N¢(x) at the bond interface. Therefore, Eqs.
(5.3a) and (5.3b) can be written as

1
E.wh’

<

e.(x)= (6M.(x)- N, (x}h). (54)

and

where, f, and Er represent the thickness and effective modulus of the composite plate.
Since the composite laminate is an orthotropic material. its material properties are varied
from layer to layer. In current study, the laminate theory is used to determine the stress and
strain behaviours of the externally bonded composite plate in order to investigate the whole
mechanical performance of the composite strengthened structure. Since the effective
modulus of the composite laminate vary with the orientation of the fibre directions and
arrangements of the laminate patterns, Eq.(5.3) is only valid for the plate in which the
mechanical properties behave iso-tropically and homogeneously. Therefore, the laminate

theory is used to estimate the strain of the composite plate [Hyer 1998], i.e.
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| (45 B {N} 56
M| |cs Dk '

where
Ay A
B : [A]B]

[C7 : [BlA™]
D] : [DMBIA"][B]

and
n -
FPED) [ ,J) (zk =zt ) Extensional matrix (5.6a)
k=l k
nl .
B = %kzl Oy (zk2 -2 ), Extensional-bending coupled matrix (5.6b)
SREI Tk
(
n - - -
D;; =§ > | Oy (zk’ -27k ) Flexural matrix (5.6¢)
k=l \ k

Subscription n represents a number of laminate layers of the FRP plate. Parameter Q~,-j can

be estimated by using the off-axis orthotropic ply theory. A schematic diagram in illustrating
the laminate theory for composite plate is shown in Fig. 5.18. By assuming that the ply
arrangement of the plate is symmetrical with respect to the mid-plane axis z=0, a great
simplification in laminate analysis occurs by assuming the coupling matrix, B is identically
zero [RMIT 1996]. Furthermore, it is assumed that no external bending moment is applied
to the plate. Eq.(5.6) is therefore simplified to the following matrix form for the plate with a
width of ©:

e f=[a- v}, (5.7
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where

{eod=4e,} and (N} ={N (5.8)
Exy N

Layer number

— Fibre angle in different laminate layer

[ _ . .
Zo t g;

Zi 03

0s
Mid-plate surface 85 R4S 7 b
Os ) k-2
1 Zk-;
kel 07 Zx
k 03

| — <"”_“‘ -

\4
r4
Geometry of an N-layered of FRP laminate

Figure 5.18 Multi-layered laminate geometry

In the present study, only an axial load in the beam longitudinal axis is considered, i.e. Ny =

Ny = 0. Therefore, Eq.(5.7) can then be simplified to

£,(x)=4,"N, L (5.9)
w

Differentiating the Eq.(5.2) again by considering the strains given by Eqs.(5.4) and (5.9)

gives

(5.10)
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The bending moment in the beam, M(x) is determined by the sum of an external applied

moment due to the centre load, P and a moment induced by the adhesive shear force:
nd(x)=Rbdt—ra(x)mdxg (5.11)

where R, is the reaction force at the support. For a three point bending case, R, = P/2. The

axial load applied in the concrete is

N (x)=r, (x)oxddx (5.12a)

The magnitude of the tensile stress of the composite plate is determined by the amount of

adhesive shear stress transfer from the concrete beam to the externally bonded plate, i.e.
dN ,(x)=r, (x)owdx (5.12b)

By substituting Eqns (5.11) and (5.12) into (5.10), a following equation is obtained:

d-ra’(x)=Gam Ay + 4 t’a(x)- 6RbG,a (5.13)
dx” [, | @ ohE, E.oh’t,
The mathematical solution for the Eqn.(5.13) is
r,(x)=C, cosh(fx)+ C, sinh(fx)+7, (5.14)
where
Gold,~ 4 <1<
= | + 5.13a
g J t, ( w a)hEc) ( )
and
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6R,G
My =——7"—. (5.15b)
E.oh™t S
Ci and C; are arbitrary constants, which are determined by using appropriate boundary

conditions. The first and second derivatives of Eq. (5.14) with respect to x are given by

2

7, (x)

= Cipsinh(fx)+ C, B cosh{fr) (5.16)
d;’z(x) =C,p” cosh(fx)+C, B* sinh(f). G.17)

For the three-point bending test model, it is shown that there is no axial component force,
which is induced by the adhesive shear stress as indicated in Eq.(5.13) in beam longitudinal
direction at z=0 in the concrete and composite plate, i.e. Ny(0) = N{0) = 0. However the
bending moment, M. at the plate end region is equal to the vertical reaction force, Ry at the
support multiplied by the distance measured from the support to the plate end, d. By
considering the first boundary condition, the first derivative of the Eq.(5.2) is obtained:

dry(x) Gg| A" 1{ 6 1
—ari__-4a N _— ] -
e ‘ { . L p(o) E, 3 WC(O) oh Nc(o)
=C} Bsinh(f8-0)+C, f cosh(S-0) (5.18a,b)

and the coefficient C; is given by

6G R, d
C,=-—=" ' (5.19)
) E.: on f
Since the model being symmetrical about middle-axis of the beam. the adhesive shear stress.
Tu(x) is theoretically equal to zero when x=//2. Therefore, the second boundary condition is

given by:
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[
~|=0 5.20
() s
From Eq.(5.14), it is obtained that
[ . [ <
C cosh(ﬂ-?-)JrCZ sxnh(ﬂ-;)w;o =0 (5.21)
and therefore
[ To  _ <
Cl+C2tanh ﬂ; ——=0. (3.22)
cosh( B 5)
Since the third terms in Eq.(5.22) can be neglected (= 0), the coefficient C; is given by
6G, R, d
C, =—"R+tanh(ﬂj (5.23)
Er,ohfp 2

Hence. the full equation of the adhesive shear stress distribution along the bond line

measured from the plate end (x=0) can be written as

()= SCRed

A . N
TP mnh(?J(mh(ﬂ‘) —sinh(fx))+n,. (524)

The parabolic functions of cosh(Bx) and sinh(Bx) can be expressed in exponential forms:

Bk
cosh(fx) = e_% (5.25a)
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Y-
and sinh(fx)= —— (5.25b)
Therefore, Eq.(5.24) can be simplified to
(x)= ;Q_’Z’fiﬂ tanh(g)e"" +n, (5.26)
L wh’ 2

The axial force in the composite plate in the beam direction, Ny(x) can be determined by
integrating the Eq.(5.12b) with the substitution of Eq.(5.26). The same boundary condition
is used at the plate end region, i.e. Np(0) =0, it results:

N (x)=30:Red (B2 _or), 2 5
V”(x)—Ectawhzﬂmnh(?.J(ﬂ(l e )+dﬁx]. (5.27)

In general, the maximum adhesive shear stress is located at the short end (x=0) of the
externally bonded composite plate while the maximum tensile load added on the plate is
located at the middle of the beam (x=//2) region. It is then possible to write the Eq.(5.26)

and (5.27) when they achieve the ultimate stress and load conditions as

T4 max =anh(-él-]+qa (5.28a)
‘ Et,wh”p 2
. =M,-mh(-’ai](l+i). (5.28b)
™ " E.t h'B? 2\ 24

Eq.(5.28) shows that the maximum adhesive shear stress is only dependent on the
coefficient of C;. It means that the shear stress increases with increasing the shear modulus

and decreasing the thickness of the adhesive material.
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5.2.3 Adhesive Peel-off Stress

Peel-off is another popular mode of failures for the externally plate bonded concrete struc-
ture when it is subjected to bending. Therefore, in-depth investigation on the mechanical
performance, particularly for the adhesive peel-off stress of the plate-bonded structure is

essential.

The peel-off stress in the adhesive layer at any section of x can be simply defined as:

vilx)-vi(x
oi(x)=E, l)-vele) )[ 4L (5.29)
where o, , E, and v represent peel-off stress and tensile modulus of the adhesive material,
and the deformation of material in z direction. Subscripts p, ¢ and a denote the externally
bonded FRP plate. concrete and adhesive materials, respectively. Super-subscript z repre-
sents the direction of deformation. The bending moment in a small element of the externally

bonded plate with a length and thickness of dx and ¢, as showed in Fig.5.19 is given by:
!
dM ,(x) =V (xMdx -z, () L dx (5.30)

where V,’(x) is a shear force, which is measured from the shear force diagram as indicated
in Fig. 5.20 of the externally bonded plate at any section of x. Differentiating Eq.(5.30)
yields

d*M ,(x) ) dvi(x) de,(x)t

d

de’ & dx

. (5.31)

(3] I'n

By considering force equilibrium condition, the shear force. ¥,’(x) at a small element shown

in Fig. 5.20 is determined by
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oi (x)

LA

W, // %

(" FRP Plate

Np(x) ///‘X///A

Mg(x) + dMp(x)

Np(x) + dNp(x)

Ve(x) + dVp(x)

Figure. 5.19 A small element of FRP plate with a length of dx.

P

Rectangular beam

Rbo =P/2 Rb = P/2

P2

-P12

Ve

Shear force diagram

Figure 5.20. The shear force diagram of rectangular beam subjected to three point bending.
dV;(x)= 0o (x)odx . (5.32)

Then, the Eq.(5.31) can be rewritten as following form:

dlMp(x) _.(t)w_df_‘,({)_ﬂ

dx* av & 2
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The second derivatives of the bending moment of the FRP plate can be expressed as

dsz(x) d*v: (x)

=" de Egl, (5.34a)
where
Eg = 1_[. (5.34b)
ol p Ay

By considering condition Eq.(5.29), Eq.(5.33) can then be expressed as

d4 4 [ at
Sl L ) B di)oty
o4y t de 2

a a

(3.35)

By substituting the first derivative of the shear stress function in Eq.(5.26) into Eq.(5.35),
the Eq.(5.35) can be simplified to the following form:

dv: (x . . CiBlax , Pe B 47
o )+4,14v;,(x)=44“vg(x)- Alory P 1 (5.36)
dx4 ?.Ip
where
Ew't A7
2 %{__ —z I } (5.37)
ptua

For the concrete beam, the axial deflection of the concrete in z-direction can be evaluated in

term of its internal bending moment, M(x) at any section of x:

vi(x)=-

Ecl[c HM (x)dx - dx (5.38)
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and the bending moment in the concrete is

By substituting Eq.(5.26) into Eq.(5.39), we obtain
M (x)=R,x ﬂu—;,-c,e"k -n,x+D (5.40)

where D is a arbitrary constant, which can be determined by using a appropriate boundary
condition. At the plate end region, x=0, the bending moment in the concrete beam

isM,(0)= R,d . Then, the constant D is given by

D=Rd-2C (5.41)
2B
Eq.(5.38) can be written as
vi(x)= L lR,,x’ + EhTC,e“* -%qo.rs slpetipesc (5.42)
E1 |6 28 12 2

where F and G are arbitrary constants. Two boundary conditions are used to solve the con-
stants, F and G:

vi(-d)=0 (5.43a)
and
~arl — 3
vf(O):—————Rb(J714; [4d ); (5.43b)

The constants F and G are obtained as
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F= ——{lR,d’ Ok g

6 2} T3

wh n,d’ ——Dd G} (5.44a)

and

R,(3’d -4d’) wh
= + C.
24 2p°

(5.44b)

By substituting Eqs.(5.42) and (5.44) into the R.H.S. of Eq.(5.36), the R.H.S. of the Eq.

(5.36) can be rewritten as

=v,(x). (5.49)

where

v,(x) =428, (x)+42'¢ e + & 0P (5.46)

and

s‘v.(x)=- 1 (é&-\’} Cluffi'c +lDt'+Fr+G) (5.47a)

. L [ wh
S22 =~ EL (2—3—6‘1} (5.47b)
Cplat, FA
£y = o, f 4 : (5.47c)
2

A coefficient of C, is given by Eq. (5.23). The Eq.(5.36) can then be shortened as
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d¥v: (x .
i( ) +4%3 (x) = v, (). (5.48)
dx
The solution of Eq.(5.48) is
vi(x)= H,e™ cos(Ax)+ H,e ™ sin(ix)+ v, (x). (5.49)

where vy, can be determined by substituting all derivatives of Eq.(5.49) into Eq.(5.48), i.e.

dV: (x) _ 3 dv X
28— a5 (o )} Halpe (50 -y 2410
X dx
d2v: (x . 2
”,( ) 2H e RS, —2H, e + d "ﬁ(")
dx~ dx”
dv: (x . 3y,
"3( ). VH e (Cyp = S0 ) 4 2H A%~ (Cy + 8, )+ 2 "43(")
dx dx
dve (x Y s , 4
”4( ) =4 H\ e Cy ~aH e TS, + d iz ) (5.50 a-d)
2 n
dx dx
where
Cix=cos(Ax) and S;=sin(Ax). (3.51)
Let vi(x) is written as the following form:
v (x)= Kig(x)+ Kaduae ™ + K¢ 577 (5.52)

A solution of the forth derivative of the Eq.(5.52) becomes
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d*v; (x)
P

= Kafee™™ + K3 pee ™. (5.53)
Substituting Egs.(5.50a-d) into Eq.(5.48) and comparing to the Eq.(5.46) give:

KZ (/{45"2(3-& + 134§v23 K )+ K3 (4144_-‘,3‘,-,&: + ﬂ4§v3e—ﬁx )= 4”{'4§v2e-lk + §v3e_ﬂx

(5.54)
and therefore, the coefficients K;. K> and K; are obtained as
4
K[—l, K2 =j;4 and K3 =—41——4. (555)
417+ B 4+

The function of w(x) is then obtained as follows

4
vi(x)=- l (l Rb.r3 _Q’l%xg +—1—D:c2 + FIH-G)— i 1 Mhﬁ C e
EcI \6 12 2 448+ g Ecl | 253

1 Clﬁ(w’p)zAﬁ[ .
T4 o4 €
417+ 4 2[p

To solve Eq.(5.49), another two boundary conditions are required. Since the bending mo-

ment at the plate end region, x=0 is theoretically equal to zero, then

d*vi(;
;l(t)Ec[c=—z\/[,,(x] =0 (5.57)

=0

and the shear force, V(x) is assumed to be zero when x<0, and the shear stress in the bond
line is assumed to reach its maximum value when x=0. The magnitude of this force can then

be calculated from Eq.(5.30), since
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d’vi(x)  or 4} de(x)| _ (mtp J 47 _
T = =T, (5.58)
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the coefficient H; is calculated

Hoy =t { B2 (4,14(@1 Cl]_Clﬂ(wfp)zAﬁl}_ | (Rbd_cahC[) .

T\t gt B\ 2

For the second boundary conditions, the third derivative of Eq.(5.49) with respect to x is

YH AP e ™™ (Cap =Sy )+ 2Ha e ™M (Cyy + 54 ) - 11 (R,, +2’l,,oJ+

5
c*c -

artgle®  wh s g5 plar, P A7 _(wfp)z

- 1 .
atept 23E L, At ept 2, 21, T

(3.61)
The coefficient H, is then obtained

2 -~
I (wtp} - él ﬁ) 4’ 3 _
=73 C =2H A -2 45 QL 562
I 213 ?Jp ( l+'70) 2 E.I. 4114+ﬁ4( cv2 +gv.>) (5.62)

Therefore. the peel-off stress of the adhesive material at any section of x can be estimated as

following equation:
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(5.63)

5.2.4 Result Interpretation

The adhesive shear and peeling off stresses can be estimated by Eqs.(5.28) and (5.63). It is
shown that the maximum adhesive shear stress is dominated by the coefficient of C;, which
is given in Eq.(5.23). The tendency of the shear stress distribution and stress transfer length
in the adhesive layer for the plate bonded concrete beam is controlled by the factor of £.
Both the C, and f are the functions of the material properties and geometry of the concrete.
adhesive and externally bonded composite. Furthermore, the fibre orientation in different
laminate layers is also considered in the equation. Any one of these parameters would influ-

ence the whole adhesive shear stress distribution along the bond line.

The determination of the adhesive peel-off stress along the bond line is comparatively more
complicated than the determination of shear stress distribution. Both the beam and plate de-
formations under bending conditions are considered as factors that affect the adhesive peel-
off stress in the whole system. In fact, the fundamental principle of the adhesive peel-off
stress is estimated by Eq.(5.29). Several parameters such as . &1, &2, &3, Ky, K2 and K;

are factors that would influence the resultant adhesive peel-off stress along the bond line.

Plots of the adhesive shear stress with different fibre orientations, adhesive shear and com-

posite plate moduli, adhesive thickness and number of laminate layers are shown in Figs
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5.21 to 5.25. The mechanical properties and geometrical dimensions for present example are
listed in table 5.4.

Table 5.4 Dimensions and material dara used in present example.

E | G | & | § | & h o 3 d L P
(GPa) | (GPa) | (mm) | (GPa) | (GPa) | (mm) | (mm) | (mm) | (mm) | (mm) | @)
3.3 1.15 0.1 20 278 0.15 0.15 0.8 0.025 0.35 17
| ! |
5 200 8

According to the results shown as above, it is clearly indicate that the maximum adhesive
shear stress increases with increasing the strengthened plate tensile and adhesive shear
moduli, thickness of strengthened plate, and decreasing thickness of the adhesive layer. The
maximum adhesive shear stress also increases with aligning all high strength fibres in the
composite plate in beam longitudinal direction, x. In Figs. 5.21 to 5.25, it can be seen that
the maximum adhesive shear stress locates at plate end region, x=0 and rapidly vanishes
with increasing length toward the centre of the beam. In Fig. 5.26, a comparison of the
maximum adhesive shear stress with different number of laminate layers, adhesive shear

and plate moduli are shown.

—~ 08 —[(0)4]s
& —a— ((90)2/(60)2]s
2 06 —e— ((90)4]s
g
=
= 04
Q
-% /

02

O |

0 0.0l 0.02 0.03

Distance, x (m)

Figure 5.21 The adhesive shear stress along the bond line with different fibre orientations in

composite laminate. The modulus of the composite with an orientation of [(0)s]s is 159 GPa
(Carbon fibre composite).
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14
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-8-—-Ga=1GPa

-—A—Ga=1.5CPa
—Ga=2GPa
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s

Shacr stress (Pa

0 0.005 0.01 0.015

Figure 5.22 The adhesive shear stress along the bond line for the strengthened beam with
different adhesive shear moduli.

—e—Ep=20GPa
—8—~Ep=50GPa
—&—Ep =159 GPa
——Ep =200 GPa

Shaer stress (Pa)

0 0.005 001 0.015
Distance. x (m)

Figure 5.23 The adhesive shear stress along the bond line for the strengthened beam with
different bonding plate moduli.
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ta=0.1 mm
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Distance, x (m)

Figure 5.24 The adhesive shear stress along the bond line for the strengthened beam with
different adhesive thicknesses.
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Figure 5.25 The adhesive shear stress along the bond line for the strengthened beam with
different bonding plate thicknesses.
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For the adhesive peel-off stress with the different fibre orientations, strengthened plate and

adhesive shear moduli, thickness of the adhesive layer and number of laminate layers are
plotted in Figs. 5.27 to 5.31.

~€—G=113G1.EP=-0Ga
L4 ——G=113G B =19G
12 G =1GP Ep = 159G

Manx. shear stress (Pa
o
(-

0 2 4 6 8 10
No. ofhrmmate kyers

Figure 5.26 A comparison of the maximum adhesive shear stress with different number of
laminate layers, adhesive shear and plate moduli.

—[(0M]s
-a— [(0)2/(60)2]s
—=—{(90M4]s

Peel-off stress (MPa

0.015 0.02 0.025 03

Distance, x (m)

Figure 5.27 The adhesive peel-off stress along the bond line for the strengthened beam with
different fibre orientations in composite laminate.
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Figure 5.28 The adhesive peel-off stress along the bond line for the strengthened beam with
different adhesive shear moduli.
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Figure 5.29 The adhesive peel-off stress along the bond line for the strengthened beam with
different strengthened plate moduli.
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Figure 5.30 The adhesive peel-off stress along the bond line for the strengthened beam with
different thicknesses of the adhesive layer.

Pecl-oft sticss (MPa)

Dwsuance, «im)

Figure 5.31 The adhesive peel-off stress along the bond line for the strengthened beam with
different number of laminate layers.
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According to the predicted results, the adhesive peel-off stress increases with increasing the
strengthened plate tensile and adhesive shear moduli, number of laminate layers, and de-
creasing the thickness of the adhesive layer. The maximum adhesive peel-off stress is
reached at the plate end region then rapidly decreases to negative value in general. Near
zero stress is obtained when further moving toward the centre of the beam. The stress af-
fecting zone is highly dependent on the material properties and geometrical factors. The
formation of a negative peel-off stress region is due to the upward bending of externally

bonded plate with high adhesive shear stress at the plate end region.

In general, a high modulus plate has been used for concrete rehabilitation and repair. How-
ever, the induced adhesive shear and peel-off stresses cannot be ignored. These stresses may
cause premature failure at a load, which is below the estimated maximum strength of the

strengthened structure.

The use of the composite plate with different fibre orientations results in changing the ef-
fective modulus, £ of the strengthened plate. All high strength fibres aligned in beam di-
rection would maximise the modulus of the strengthened plate while the fibres aligned per-
pendicularly to the beam axis would greatly reduce the plate modulus. The effects on adhe-
sive shear stress with different fibre orientation measured from the beam longitudinal direc-

tion are shown in Fig. 5.32.

5.2.5 Result Validation

Finite element method (FEM) was used to validate the results from the theoretical predic-
tion. Msc/Nastran 4.0 commercial FEM package was used to model and analyse the rectan-
gular beam strengthened by externally bonded composite plate subjected to three point
bending load. The tensile modulus of the concrete and composite plate, and the shear
modulus of the adhesive material of 27.8 GPa. 159 GPa and 1.125 GPa were modelled to
study the stress transferring properties in the adhesive material with a centre applied load of

17 kN. The thicknesses of the adhesive layer and plate are 0. mm and 1.6 mm. respec-
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tively. Since the beam is symmetrical about its centre axis, only half of the beam with ap-

propriate constraints at the centreline was modelled.

In the present study, different mesh sizes in the adhesive layer were used to test the conver-
gence and the resultant adhesive shear stresses at plate end are listed in Table.5.5. To com-
promise the processing time and accuracy of the results, plate elements (Quad 4) with a
mesh size of 156.2 um was selected at the plate end region. The FEM model for validating
the theoretical result is illustrated in Fig. 5.33.

1200000

1000000

300000 _\

600000

Ta (Pa)

400000

200000

0

0 5 30 45 60 75 90

Figure 5.32 Effects on the adhesive shear stress with different fibre orientations (through alt
laminate layers) measured from the beam longitudinal axis

Table 5.5 Results from the convergence test for different mesh sizes FEM model.

Mesh size (mm) | 0.625 | 0.3125 | 0.15625 | .78125 | 0.03915
Ta max (MPa) 0.752 | 0.821 0.957 | 0971 0.981

The results from the FEM analysis together with the theoretical prediction for interfacial
shear and peel-off stresses of the strengthened plate are shown in Fig.5.34 (a) and (b), re-
spectively. [t can be concluded that only a very fine mesh can show the descending branch

in the shear stress very close to the plate end region.
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Figure 5.33 A FEM model for validating results from theoretical prediction.

The result from the adhesive shear stress shows slightly deviation from the FEM solution at
the plate end region. However, at the location of maximum stress, which is used for design,

the agreement between the FEM result and present method is good as can be seen from Fig.
5.34(a).
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Figure 5.34 Comparison of the results obtained from the FEM analysis and theoretical pre-
diction for a strengthened plate with a modulus of 159 GPa.

In general. both the adhesive shear and peel-off stresses estimated from the theoretical study
are well compare well with the FEM solutions. In this study, It is possible to calculate the
critical stress levels for the adhesive material at the end of the outer strengthened plate by
using linear elastic theory. In deed, the mechanical properties of fibre reinforced polymeric
composite materials behave in orthotropic forms. However, Malek et al. (1998) pointed out
that the variation of elastic modulus in transverse direction does not have a significant effect
on shear and peel-off stresses of the composite strengthened beam system. Therefore, the

present theoretical prediction is valid to estimate the critical stress in the adhesive materials.

Page. 132



Chapter 5 Composite Bonded Concrete Beams

5.3  Stress Intensity Factor for Composite Strengthened Beam
5.3.1 Introduction

[n previous section, a theoretical model for estimating the adhesive shear and peel-off
stresses, and axial stress for strengthened plate for plain concrete beam strengthened by ex-
tenally bonded composite plate are given. However, these equations cannot be used for
determination of normal stress of the plate if crack exists at mid-beam region. In this Chap-
ter, a simple superposition method with appropriate assumption is presented to estimate
stress intensity factor, K| and normal stress of the strengthened plate, o, with different crack

length, plate thickness and properties.

Although a numerous of study has been conducted into cracking of concrete beams with
steel bar reinforcement, there has been limited research into the cracking of concrete beams
strengthened by an externally bonded reinforcement. A model for solving the fracture
problem of steel RC beam using the superposition method was first proposed by Carpinteri
(1986) as shown in Fig.5.35.

v

<>
G
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Ki=Kv-Ks

Figure. 5.35 The LEFM mode! established by Carprinteri's (1986) for the RC beam.

Page. 133



Chapter 5 Composite Bonded Concrete Beams

The stress intensity factor Kj, of the RC beam was determined by two independent factors:
(1) stress intensity factor Ky due to the load P applied at the middle of the cracked-beam.
(2) stress intensity factor K¢ due to the tensile force F; (closing force) from the embedded
reinforced steel bar. However, F; was estimated from the ultimate tensile or yield stresses of
the steel bar, which implies that the failure of the structure is dominated by the steel bar
rather than the concrete beam itself. Since F; is an assumed value and not directly related to

the external applied force P, this method may not practicable to determine X; and £ as a
function of P.

A recent improved model by Baluch (1992) assumed that the strain is linear along the depth
of the RC beam and proportional to the distance measured from the beam neutral axis as
shown in Fig.5.36. [n this method, the critical crack length a. and F; are initially assumed.
F; and M can then be computed by iteration method until the results converge. This im-
proved model provides a more realistic solution than that from the Carpinteri method.
However, the numerical analysis verifies that the strain distribution along the depth of the
cracked RC beam is not linear in form, especially at the crack section. Therefore, this im-
proved model cannot be used to accurately predict the stresses of the strengthened cracked

beam with external reinforced FRP plate.

Zo: Neutral axis. measured from the top
surface of the RC beam

/

M

Fs

c | Strain Stress
5 profile profile

Figure 5.36 Improved model by Baluch (1992): strain and stress distribution along the
depth of the beam.
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In realistic engineering application, K| is a factor that most engineers should take into ac-
count when designing and maintaining real concrete structures. Consequently, the stresses
in the concrete beam and reinforced plate/bar become the major factors in investigating the
failure modes of the structures. From this discussion, the magnitude of F; cannot be found
directly by using the strain continuity method. Therefore, it is necessary to develop a simple

and more convenience method to predict the failure stress of the strengthened beam.

5.3.2 Methodology

This Chapter introduces a simple method for determining the stress intensity factor Kia ofa
rectangular cracked-concrete beam strengthened by externally bonding a plate onto the ten-
sion surface. Fig. 5.37 shows a diagrammatic representation of a rectangular concrete beam
with a crack of depth a. at the mid-section. The depth of the crack is assumed uniform
throughout the width @ of the beam. The composite plate is fixed to the tension surface of
the beam by an adhesive material with uniform thickness throughout the whole bonding
length. The mechanical properties of both concrete and externally bonded plate are linear
elastic. A perfect bond at the interface between the concrete and reinforced plate is as-

sumed. i.e. there is no crack formation along the bonded interface.

.P Concrete beam
i

V050027
v 00
V5

Composite plate

2Is

Figure 5.37 Schematic model of a rectangular cracked concrete beam strengthened by an
externally bonded plate.
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A super-position method is proposed to evaluate the value of K at the crack tip of the beam
when it is subjected to three point bending. The method treats an edge crack problem as a

centre crack in order to determine the value of K, which cannot be directly solved by ex-

isting closed-form solution. Figs.5.38 and 5.39 give a step by step illustration of the method

used in present study. It can be separated into three stages as follows:

a) Determination of the stress function o(x) with respect to the material properties and

geometrical factors for both the concrete and reinforced plate of the strengthened

cracked-beam as indicated in Fig. 5.38. [t is assumed that the stress function along

the crack surface is same as that determined for the whole system.

b) Evaluation of the K4 by treating the existing edge-crack problem as a centre crack

since both crack tips have zero-displacement constraints in the beam longitudinal di-

rection. The stress function on the crack surface is determined from stage (a). Only

the crack, which is furthest from the plate is interested, i.e. point "A" in Fig. 5.

c) Determination of plate normal force Fp. The well-known super-position method for

estimating the value of K¢ by de-composting the actions of the tensile force in the

plate and bending moment of the beam is illustrated in Fig.5.39.
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Figure 5.38 Schematic diagram of the supposition method to interpret the stress distribution

along the crack surface.
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Determination of the stress intensity factor at point “A”

Beam with crack Centre crack for
at mid-beam region finite body with arbitrary
stress same as (i)
E
5 y
whr | o |l
\g—{ Acp) ~> & :Alnw
P‘""V >
é ac T =1
5 h=bra
A
ﬁ h — -
b

Stress intensity factorattip A = K

(i) (ii)

(a)

Determination of the ciosing force “Fp” for the reinforced plate

Stress intensity factor, K¢ Stress intensity factor, Km  Stress intensity factor, Kia
due to the closing force due to pure bending (Tada) evaluated from (iii),

Fr=f (Kr) “\ ~q

Fe
Aunp) = [ Aoy -
Fp

AL TTHTHLLLTRRRS R AR R

== Ainp)
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»v/l e l
(i) tiv) v)
Kr=Kn-Kia
(b)

Figure 5.39 Model to treat an edge-crack problem as an inner crack problem (a). Superpo-
sition method for evaluation of stress intensity factor at point A; and (b) for the beam with a
pair of edge closing forces F,.
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The major focus of the present study is to evaluate K, in a cracked concrete beam after
strengthening by an externally bonded plate on the tension surface. The original edge-crack
problem of the beam is considered as an inner-crack problem after strengthening since both
ends of the crack have a zero-displacement characteristic, i.e. the displacement at the crack
tips in the beam longitudinal direction is equal to zero when 6 = 0°. The stress distribution
along the crack surface can be estimated by superimposing method given by Rooke et al
(1981), i.e. the stress distribution along the crack surface is equal to the determined from the
whole system without cracking within the region -a < x < a under the same loading condi-
tion. Effects arising from the plate with different mechanical properties to the beam under
the centre point loading are overcome by the stress function estimated from the same
strengthened beam without cracking. However, a tip (point “A”), which is remote from the
boundary of bond, is assumed to have no significant influence by the stress induced due to

the bi-material effect at the bonding region.
5.3.3 Stress Function of the Strengthened Concrete Beam without Crack

In the initial stage, the stress distribution along the centreline of the concrete structure with-
out cracking but with the externally bonded reinforcement is evaluated. Since the thickness
of the reinforced plate is normally much smaller than the depth of the beam to be reinforced,
the uniform axial strain of the plate is assumed through its thickness, f,. The stress profile
along the depth of the beam is linear. The bottom surface is under tension while the top sur-
face is in compression. As the beam is symmetrical about its centre-axis (y=0), the shear
deformation of an adhesive material is theoretically equal to zero at the centre region (y=0).
The strain of the reinforced plate &, at the mid-beam section should be same as the surface

strain of the concrete &, at the bonding region, i.e. at (x,y)=(X,0),

(o}
c‘"’ =4”{ (5.64)
EC y=0.x=Xg EP y=o0.x=Xg

where o, 0y, Ec and £, denote the maximum tension stress of the concrete beam and rein-

forced nlate the tencile moduli of the concrete and reinforced plate, respectively Accord-
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ingly, the normal stress distribution along the lateral direction (x,0) at the mid-beam section

can be expressed as
E F
o.(x0)=0, i=c$'P —e X =p4ﬁri (5.65)
X, E, Xy 10X, -0

where £ is the Young's modulus ratio of the concrete and reinforced plate ( g = EJ/E;) and

Fp is the closing force (in beam longitudinal direction) induced by the reinforced plate at the
mid-beam region. The location of zero stress (g.(x)=0), of the strengthened beam is called

neutral axis X, which can be evaluated using the force balance equation, 2., =0, thus.
Fp + Loy Ge (500 =0 | . (5.66)
Substituting Eq.(5.63) into Eq.(3.66) yields

L

X, = . 5.
° 2ABh+r,) (567

The maximum tensile stress o in the concrete material can be estimated by using the mo-

ment-equilibrium method, i.e. XM=0:

¥ PL )
FX,+ [ o.(xo0lxd= T o (5.68)
By substituting Eq.(5.65) into Eq.(5.68), o, can be expressed as following
g,= FLp = . (5.69)
4:pw(x,, . P_(x:eth-x, y
\ Jtpxyﬂ
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5.3.4 Stress Intensity Factor Ky,

Whereas the boundaries of both sides of the crack have tips with zero displacement, the
problem can be considered essentially a centre-crack problem as mentioned previously and
only a tip at the concrete region is of interest. Therefore, the effective crack length a for the
centre-crack problem is equal to a./2 and the origin (0,0) is shifted to the centre of the crack.
The direction of the x-axis is also reversed. The crack tips are now located at the co-
ordinated X = *a. For the strengthened cracked-beam, the stress function of the beam along
the crack surface can be treated as the same stress function obtained from Eq.(5.65) but only
the region of crack is of interest. Then, the stress function along the crack surface is calcu-

lated by

J -asx<a. (5.70)

For the finite plate under a point loading condition as illustrated in Fig.5.40, stress intensity

factor K can be given by Sih (1973)

K, | P)( Fla/b.c’a)
¢ "% QN Fla/b,c/a) (5.71)
Kurlg T)1Fylalb,cia) s

in which

(l—cos(%n}{ﬂ” (alb.cla)},

(Fla/b.c/a)}, =[1+( J;—_4"1J 1_(3

(3.72)
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.| Ta
LSI,II(’)—b‘)
{Fu(a/b,cla}, = tan(%) = = = (5.73)
na
COS(EE)
I- 2
1 (_)
L \2b
M
L p
—’;ct—;
B =,<i
QT
| : !
! . I
] . i
| 2a :
22
2b
___/__—————‘\

Figure 5.40 Schematic diagram of the finite piate geometry with a concentrated point load.

The foregoing solution can be extensively applied to the finite body with the applied arbi-
trary load distribution along the crack surface by integrating the stress and geometry func-

tions within the region of -a < x < +a. The stress intensity factor K4 of the beam becomes

K, = \/_ fc (x){F(a/b.x/a)dx (5.74)

and F(a/b,x/a) is given by Eq.(5.72).
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53.5 Closing Force F;, of the Reinforced Plate

The final step is to estimate the closing force Fp of the reinforced plate at the crack mouth

region. Consider the model mentioned previously in Fig.5.39, from which it is obtained that

Ky=Ky-Ke (5-75)
where Ky is the stress intensity factor for the rectangular beam with the edge crack at the
mid-beam region when it is subjected to three-point bending load. It can be evaluated by

using the well-known closed form solution given by

3PL
Ky = 5

(3 (5.76)

where fm(a) is the shape function for the bearn with notch formation under three point

bending and a is the notch to depth ratio a/h. K¢ is given by Tada et al. (1985)

2F, .
Y frle) (5.77)

where

0.46 +3.060 +0.84(1 ~ )’ +0.66a> (1 —x)?
(1-a)?

frla)= (5.78)

From Eqs.(5.74-5.77), the closing force Fp induced by the centre point load P can be calcu-
lated by

F, = “"/— -k}

(5.79
7 2@ ) )
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§3.6 Results Verification

The result obtained from the proposed method was verified by comparing it with the nu-
merical analysis solution using finite element method (FEM). Msc/Nastran FEM package
was used for investigating the stress concentration at the crack-tip and tensile stress in the
reinforced plate. The area close to the crack-tip and at the mid-beam section of the rein-
forced plate were meshed into very fine element size (QUAD4 element with 0.00015625 m
each side) in order to obtain more accurate results. A schematic illustration of the model is
given in Fig. 5.41. Since the strengthened beam is symmetrical to its central axis, only half
of the beam was modelled. The load P is applied vertically on the top and aligned at the
centre of the beam to simulate the real three point bending test. Boundary constrains were
applied at the nodes along the centre line of the beam so that only vertical movement was
permitted. Vertical movement was not permitted at the bottom supporting point (8). Linear
elastic properties were assumed for both concrete and reinforced plate. The thickness and
modulus of the reinforced plate ranging from | mm to 2.5 mm and 50 GPa to 200 GPa. re-

spectively were used to compare the results obtained from the proposed method. All details

3

]

of the simulated model are shown in Table.3.6.

Axis of symmetry

Figure 5.41 FEM model for estimating the parameters K; and Fp.
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Table 5.6 The details of the beam model for analytical and numerical analyses

Sample

"

|

P Ec Ep tp h [ d o
(kN) | (GPa) | (GPa) | (mm) | (m) (m) (m)
0

l

20

278 50 1.0 0.15 102175 | 00125 | 0.2

l l
200 25

The FEM model has been validated by comparing it with the experimental data for the con-
crete specimen bonded to glass fibre composite plate. The plate normal strain was measured
directly in the experiment for the cracked-concrete beam strengthened by 6 layers of glass
fibre composite laminate by using externally bonded strain gauge. The crack was made
during moulding process by placing a plastic film with a depth of pre-determined crack
length inside the mould. The concrete beam with a pre-filled plastic film betore and after

strengthening by glass fibre composite laminate is shown in Fig. 3.42 and 5.43.

Figure 5.42 A crack made by placing a plastic film inside the mould.
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Figure 5.43 A cracked beam strengthened by 6 layers of glass fibre composite laminates.

The experimental results for the plain rectangular concrete beam with a crack on its tension

surtace under three point bending is plotted in Fig. 5.44. The curve in the figure is extracted

trom a specimen with higher failure strength from three similar specimens.

I.oad (N)

0.0 9.2 04 0.6 0.8 10

Detlection (mm)

Figure 3.44 Load-deflection curves for cracked concrete beam with different crack-depth

ratio.
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The results for all cracked-beams after strengthening by 6 layers of glass fibre composite
plate are plotted in Fig. 5.45. Itis clearly demonstrated that the ultimate flexural load of the
strengthened cracked concrete beam is increased substantially by using the glass fibre com-
posite plate. However, the ultimate flexural loads of the test specimens are not proportional
to the crack depth of the beam. The average ultimate flexural load from three similar tested
beams with crack-depth ratio of 0.1, 0.3, 0.5 and 0.7 are 19.8kN, 19.5 kN, 24.9kN and
25.6kN, respectively.

ah=0.1 vh=03
25000 25000
e Strengthened ~—Strengthened
20000 e Cracked-beam 20000 = Cracked-beam
z s :.25 15000
2 3
2 o000 310000
5000 000
9 0
00 03 06 09 12 00 05 10 L5
Defiection (mm) Deflection (mm)
vh=0.5 ah=0.7
30000 10000
,
B0 = Strengthened 15000 e Stren gthened
. oo = Cracked-beam 10000 = Cracked-beam
z —~
T 1500 < 50
10000 = 10000
000 5000
a 0
a0 as 10 Ls 0 00 05 10 15 20
Deflection (mm) Deflection (mm)

Figure 5.45 Experimental results for all glass fibre composite-strengthened cracked-beam
subjected to three point bending test.
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The comparison of the results from the experiment and FEM analysis at an applied load of
10 kN is plotted in Fig.5.46. Strains on the surface of glass fibre composite plate were
measured by three surface mounted strain gauges. It is shown that the strains measured from
the experiment agree well with the FEM solution. Therefore, it can be concluded that the
FEM result is able to be used as real experimental data for predicting the stress distribution
of the strengthened beam with different bonding plate materials.

7000

6000 }— @ Experiment
5000 L— —FEM }_
4000

3000 /

2000 /{ -

1000 h%____.

Plate normal strain ( xe)

Figure 5.46 The comparison of plate normal strain measured from the experiment and FEM
solution.

The stress intensity factor of K; can be estimated by measuring displacements at two nodes
closest to the crack-tip in the FEM model. Assuming that the beam was subjected to the
load at the plane strain condition, the following empirical equation was used [Aliabadi and
Rooke (1991)].

B G)
cos| — +| —— [sin®} =
{u}- K, |r 2A\1=-v l l-v . 2))\ (5.80)
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5.3.7 Results and Discussions

The results obtained from the FEM and proposed method are plotted in Figs.5.47 and 5.48.
Accordingly, it is found that the values of K and Fp obtained from the proposed solution
compare well with the FEM for the model with & of 0.2. The relative error is less than 4%.
The tensile force of the reinforced plate increases with increasing its thickness. The corre-
sponding stress intensity factor K, decreases when the thickness of the plate is increased.
This implies that by using the thick reinforced material would reduce the chance of failure
by cracking in the concrete material. A high modulus material used as the reinforced plate
would reduce the value of K|, while the maximum normal stress at the plate is increased.
Figures 5.49 and 5.50 show the effect of the applied load, P to the values of Kia and Fp.
Both show a good agreement with FEM results.

8000

7000
6000
5000

4000

—&— Ep=350 GPa (Theory)

3000 —a—Ep 100 GPa(Theory)

—o— Ep=200 GPa (Theary)
& Ep=50 GPa(FEM)

1000 e Ep=100 GPa(FEM)

o Ep=200 GPa(FEM)

Plate tnesion force (N)

2000

Q
0.0010 00018 0.0020 0.002s

Reinforced piate thickness (m)

Figure 5.47 The normal force, F;, of the reinforced plate plotted against different plate
thicknesses used for the strengthened beam model.
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Figure 5.48 The stress intensity factor, K of the strengthened beam plotted against differ-
ent plate thicknesses used for the strengthened beam model.
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Figure 5.49 The results of load against stress intensity factor from FEM results and theo-
retical prediction.
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Figure 5.50 The results of load against normal force in strengthened plate curve from FEM
results and theoretical prediction.

The present method provides a simple but accurate tool for estimating the values of Kj4 and

Fp accurately for the strengthened beam with $=7.2 when the a/h ratio is less than 0.45. The

effects are clearly demonstrated in Fig.5.51. The result shows that the errors are within 6%

compared with the FEM solution. According to the results shown in Fig.5.51, it is also

demonstrated that the maximum K4 reaches at a~0.2. Beyond this limit, the K\ decreases

with increasing the crack length. The failure mechanism of the structure is dominated by the

mechanical properties and geometrical factors of the external bonded reinforcement.

Table 5.7. The details of the beam model for evaluating the K; with different « ratio

Curve Modulus of plate (Ep), GPa Modulus of concrete (E;), GPa B
1 30 | Glass fibre composites 30 | Medium strength 1
#2 120 | Graphite composites 30 | Medium strength 4
#3 200 | Steel plate 30 | Medium strength 72
#4 200 | Steel plate 10 | Low strength 20
#35 300 | High strength material 10 | Low strength 30
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Figure 5.51 Plot of K|, against o for £,=200GPa under applied load of 17 kN.
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Figure 5.52 Plots of stress intensity factor (Kia) against crack-depth ratio (&) of different

modulus ratio () between the strengthened plate and concrete materials.
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The stress intensity factor K of the strengthened beam against the notch-depth ratio « for
different modulus ratio of § is plotted in Fig.5.52. The details of the beam model are listed
in Table. 5.7. Fig.5.52 obviously shows that the difference between the theoretical predic-
tion and numerical analysis increases with increasing the ratio of £ and increasing the ratio

of a This may be due to the following factors:

i In general, the tensile modulus of the reinforced plate is larger than the beam to be
strengthened, i.e. B < 1. For the reinforced plate with high tensile modulus, it is strong
enough to constrain the crack mouth (crack tip at the interface of bond between the con-
crete and plate) opening and maintain the assumption of inner crack characteristic.

However, a low tensile modulus plate cannot give the same characteristic and therefore,
high X is resulted from the FEM solution.

ii For further increase of the ratio of , the difference between the analytical and FEM re-
sults at the decreasing branch is increased because the neutral axis (X;) determined by
the structure without cracking is normally shorter than that from the cracked-structure.
Therefore, the internal compressive stress at the crack-tip appears earlier from the theo-

retical solution than that from the FEM results.

The validity of the present method is plotted in Fig.5.53. All data points are extracted from
the calculated results for different ratio of Ey/E. on condition that the error between the
theoretical prediction and FEM result at each data point is approximately equal to 6%. The
smooth curve is plotted after fitting all data points. Fig.5.53 demonstrates that the current
proposed method is able to accurately evaluate X; for the value of « up to 0.5 when the ratio
of Ey/E is larger than 13. However, for a reinforcement with low tensile modulus, such as
balanced type glassfibre composites (E, < 20GPa), the proposed method is also available for
value of a up to 0.2. The limitation of using the current analytical method to evaluate the

values of K| and F,, is shown as follows:
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a 50.13Ln(—P}+0.I7, (3.81)
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8 i Carbon fibre composites : g
02| : > :
—» Steel reinforcement :
t ’:
0.1 { Glass fibre '
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Q
1 6 1 16 21 26

p=Epke
Figure 5.53 Validity of the theoretical method

Eq. (5.81) shows that the accuracy of using the current analytical method increases with in-
creasing the plate modulus. Therefore, for a large B ratio, the proposed equation is not valid
for estimating the value of K; in a strengthened-concrete beam. However, the proposed
method provides good predictions of K; and F, for the small cracked-structure in an engi-
neering application. A deeply cracked beam would normally not be used for a realistic con-
crete structures. Figs.5.54 and 5.55 show four pictures captured from the FEM analysis. A
load of 30kN was applied to the FEM model, and the modulus of the strengthened plate was
given as | 1GPa and 200GPa. Crack-depth ratios of 0.2 and 0.5 were selected for the analy-
sis. The pictures indicate that the normal stress at the crack-tip decreases with decreasing
the modulus of the strengthened plate. However, the increase of the crack-depth of the
strengthened crack model could not reduce the normal stress in the crack-tip region. It is

well matched with the experimental observation as shown in Fig. 5.45.
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Figure 5.54 Normal stress contour captured from the FEM, the modulus of the strengthened
of 11GPa (a) and 200 GPa (b) are used for the cracked-beam with a/h = ().2.
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Figure 5.55 Normal stress contour captured from the FEM, the modulus of the strengthened

of 11GPa (a) and 200 GPa (b) are used for the cracked-beam with a/h = 0.5,
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54 Summary

In this Chapter, the mechanical behaviours of the composite strengthened concrete beams
have been investigated through the experimental studies, theoretical and numerical analyses.
The experiment results provide a valuable information for strengthening technique of the
civil concrete structures with a notch formation on its tension surface by using glass fibre
composites. The adhesive shear and peel-off stresses, and normal stress of the strengthened
composite plate could be estimated by using predictive theoretical equations as indicated in
Eqgs.(5.63) and (5.28). The stress intensity factor of the cracked concrete structure can also
be determined by using a simple superposition method with the appropriate initial assump-

tions. Throughout the whole Chapter, several conclusion are drawn as follows:

l. The flexural strength of the notched-rectangular concrete beam increases substantially
by bonding the glass fibre composite on the concrete surfaces, particularly strengthening

on tension surface.

9
.

Failures in the adhesive and concrete materials may occur by using thick strengthened

composite plate.

)

. Filling the epoxy resin inside the notch-region also increases the flexural load capacity
of the notched concrete beam. Epoxy provides a strong bonding characteristic in both
inner surfaces of the notch.

4. The proposed theoretical model shown in Eqs.(5.63) and (5.28) can be used to estimate
the adhesive shear and peel-off stresses, and normal stress of the strengthened plate. The
results are well compared with the experimentally validated finite element method.

5. The maximum adhesive shear and peel-off stresses increase with increasing the modulus
and thickness of the strengthened plate, and decreasing the thickness of the adhesive
layer. However, the stress transferring iength from the plate end decreases with in-
creasing the maximum shear stress.

6. The proposed superposition method as discussed in Section 5.3 is simple and can be ef-

fectively used for the evaluations of stress intensity factor K; and maximum tensile
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stress o, in the concrete beam and externally bonded reinforcement, respectively when it
is satisfied to Eq.(5.81).

7. The use of high modulus and thick materials as the reinforced plate for the strengthened
cracked-beam reduces the value of K;. However, the value of o, increases as the
modulus and thickness of the plate increase.

8. The failure mode of the strengthened beam is highly dependent on the modulus ratio of
the concrete and reinforced materials, thickness of the reinforced plate and the crack-

length of the structure.
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CHAPTER 6

STRAIN MONITORING USING FBG SENSORS

6.1 Introduction

Fibre-optic Bragg grating (FBG) sensor has been extensively adapted as a new non-
destructive evaluation (NDE) technique in monitoring strain and temperature profiles of
structures under service conditions [Huang et al. 1998]. The specialty of using FBG sensor
for strain sensing application is that it is able to measure strains locally with high resolution
and accuracy. As the physical size of an optical fibre is extremely small compared with
other strain measuring components, it enables to be embedded into the structures for deter-
mining the strain distributions without influencing the mechanical properties of the host
materials [Maaskant et al 1997].

The precision of the measurement by using the FBG strain sensor is highly dependent on the
bonding characteristics among the fibre core, protective coating, adhesive layer and host
material. The principle of the FBG technology is to gauge the light reflective signal from
the grating (the region where the sensor is located) region when it is subjected to strain. Ide-
ally, the embedded sensor should provide the straining signal that is equivalent to the strain
of the host structure to the operator. However, the existence of the adhesive layer and pro-
tective coating would absorb part of energy when the structure is under loading. Therefore,
the strains experienced by host material are not wholly transferred to the bare fibre and
some of them may be lost through interface shear transfer within the protective coating and

adhesive layer.

In this section, a theoretical model to evaluate the differential strains between the bare fibre

and host material with different adhesive thickness and modulus of the protective coating of
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the embedded FBG sensor is firstly introduced. The results are then compared with numeri-
cal analysis by using finite element method (FEM). The later part is to perform experimen-
tal investigations on using the FBG sensors as internal strain measuring device for glass fi-
bre composite strengthened concrete structure. Single and multiplexed FBG sensors have

been used in present study.

6.2 Theoretical Approaches

6.2.1 Load Transfer Properties

6.2.1.1 Constant load applied along fibre longitudinal direction

For the practical problem mentioned above, the bonding characterisation at the interfaces
between the host material and adhesive layer, adhesive layer and protective coating, and
protective coating and bare fibre (the actual segment from that the strain is measured) would
influence the true strain measured from the FBG sensor. The adhesive layer and the protec-
tive coating would absorb part of energy and therefore, shear deformation results [Ansari
and Yuan, 1998]. Besides, the total embedding length (2L¢) of the fibre would affect the ac-
curacy of measurement by using the FBG sensor because the shear stress concentration ex-
ists at the fibre ends. Fig.6.1 shows a four-cylinder model for the analysis of the stress trans-
fer. The cross-section microscopy photograph of a typical sensor embedded in specimen is
given in Fig. 6.2. The longitudinal axis z represents the direction (fibre direction) of the ap-
plied load. Transverse direction r represents the distance measured from the centre (r=0) of
the fibre core. [n Fig. 6.1. subscripts ¢, p, a and h denote the bare fibre, protective coating,
adhesive layer and host material, respectively. Tensile and shear moduli are given by £ and
G, respectively. n(zr) and 7p(z,r) denote the shear stresses along the axial direction at the
interfaces between the host material and adhesive layer and between the adhesive layer and
protective coating, respectively. The symbols 7y, rap, and r. represent the inner radius of the
host material, the outer radii of the protective coating and the bare fibre, respectively meas-
ured from the centre of the fibre core. The axial loads are applied on the host material, adhe-

sive layer, protective coating and bare fibre along the given model by M, Ny, N, and N, re-
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spectively. Because of the symmetry about both r and z-axises, only a quarter section of the

embedding fibre system is considered for the strain analysis.
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mid-beam (z=0)
4 " Axial displacement (u(x))

N —>/ 7 h+ dNh | %

e
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Figure 6.1 Four-cylinder model for the present study.
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Glass Jibre composites
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Gilass fibre compositcs

Figure 6.2 Cross-section view (microscopic scale) of the composite structure with the em-
bedded optical fibre sensor.

Axis of symmetry
Composite laminate ' Embedded FBG
Load applied Sensor Load applied

=

To strain sensing device

Figure 6.3 A beam model of the composite laminate with the embedment of an optical fi-
bre.

Table 6.1 lists the mechanical properties and geometrical factors for current theoretical
study. A typical composite laminate with an embedded FBG sensor is shown in Fig.6.3. The

following basic assumptions are made to simplify the case of current study:

1.  Mechanical behaviours of the bare fibre, protective coating, adhesive layer and host
material are linear, elastic and isotropic.
2. All interfaces are perfectly bonded. Therefore, the displacement conditions are de-

scribed by:
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uy(r.z)=ug(r,z for r=r,
u(z) =qu,(r,2)=uy(r,z for r=r,. 6.1)
uy(r,z) =u_(r,2) for r=r,

The relative displacements (8) of the adhesive material and the protective coating due

to shear deformation are given by:

8u(z) = ue(rn,2)-Ua(Tap.Z) (6.2)

At the mid-beam region (z=0), the strains for all elements are mathematically identi-

cal, i.e.

£4(0,r)=£,(0,r)=¢€,,(0,r)=€.(0,r) (6.3)

No thermal load is applied in the system. The strain evaluated at the core region only

(%)
.

responds the strain induced by the load applied axially.

Table 6.1 Mechanical properties and geometrical factor for current theoretical study.

Description Symbols Values
Diameter of bare fibre (um) re 125
Outer diameter of protective coating (um) rip 250
Young's modulus (GPa)
- fibre core E. 72
- protective coating £ 0.1
- adhesive material E, 33
- Concrete Ey 178
Shear modulus (GPa)
- adhesive material G. 1.2
- protective coating G, 0.037
Thickness of an adhesive layer (mm) [A 0.1
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By considering the force equilibrium for the element of the protective coating in the loading
direction shown in Fig.6.1, the shear stress in the protecting coating can be approximately

obtained by using the following relationship:

it(r2 -r’ )J’p +2m. f’ tnp(z,rc)dz -2 ff t(z,r)dz =0 (64)

where o, is the axial stress in the protective coating material in z direction. Equation (6.4)

can then be rewritten in the following form:
l b 2 -
= f' (r‘ -rc'}rpdz +2r, f’ r,(z.r )z -2r r’ t(z,r)dz =0 (6.5)
f
Hence, Eq.(6.5) is alternatively written as the following format:

21_(,,1 —rzlkp +2r.1,(z.r,)-2re(z.r)=0 (6.6)
/

In general case, the embedding length of the optical fibre is greater than the fibre diameter,
L >>r, so that the first term in Eq.(6.6) becomes very small compared to anther terms in the

equation and therefore, this term can be neglected in current calculation. This results in the

relationship between the shear stress in the coating and the core at any section x as
Tap
t(z,r)=—r,(2.r) r.sr<r 6.7)
r
Similarly. the shear stress in the adhesive material is expressed by

,
o(z.r)=—2r1,(zr) r,Srsr, (6.8)
r
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The axial displacement of the host material can be obtained by considering the condition of

compatibility for all elements shown in Fig.6.1:
uy(2)=8,(2) +8,(z) + u.(2)

in which the relative displacement of the adhesive layer is determined by

1
8,(2)=— [t(z,r)dr

a fap

and the relative displacement of the protective coating is given by

1
8,(2)= = [t(z,r)dr

p e

For the host material and the bare fibre, the axial displacements are given by

and

The tensile force of the fibre core can be expressed as

N.(2) =TU'CZO" - 2rr, ].rpc(z,rc)d;':rtrfcc -2nr,, It@ (z.rupp)i:

0 ]

(6.9)

(6.10)

6.11)

(6.12)

(6.13)

(6.14)
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where o is the axial stress of the bare fibre at mid-beam section (z=0). Substituting Egs.

(6.10-6.13) into Eq. (6.9) yields the following integral equation:

S, , o . Th Tap - ri
,;[E_,,dz—G_r""("r“")ln[Z)+ G, T (;,rap)ln( - ]4—

a

1 i ]‘[ccnrcz -2nr, ]‘tup(é,rap)dﬁi\dz (6.15)
0

Ecnrc ]

By differentiating Eq (6.15) and combining the compatibility condition (6.3), the equation is

simplified as

- = r r r r.\l ot (z.r,)
@ z.r )z +42In| 2 |+ ZIn| = —® w0 6.16
Tt [elore) {Ga "(r ] G '{r )} P> @10

¢'e 0 ap

Further differentiating Eq (6.16) gives

a't, (z, ,
——"’;T‘ﬁ Aty (5.r,) =0 6.17)

where

_ (6.18)

A=
Er’ fﬂln(—r"—J + ﬁ’—ln(fij
G, \r,) G, \r

The solution to Eq (6.17) is given by

tup(."..r‘,p):Cl cosh(iz) + C, sinh(Az) (6.19)
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Two unknowns C; and C; are determined using two boundary conditions. The first bound-
ary condition is evaluated at z=0. The axial load (V) at the bare fibre is determined by the
compatibility condition (Eq (6.3)). The strain of the fibre core at the mid-beam region is
equal to the strain of the host material. The second boundary condition is evaluated at the

point where the axial load of the fibre core is zero, Le.
N_(0)=c,m. Ee and n.(L,)=0 6.20
N, —G,,nrcE—hanlcf— (6.20)

in which L is the distance measured from the mid-beam (z=0) to the point of zero axial load

of the fibre. Using above boundary conditions, the constants C; and C; are obtained by

c.r.h
= £ and C, :0 6.21
'~ 2sinh{rL, ) : ©21
Combining Eqs (6.19) and (6.21) yields the final form of shear stress distribution at the in-

terface between the adhesive layer and protective coating:

G.r.A
- = ¢ ¢ 2 22
T (27r,) o - cosh(z) (6.22)

Further. the axial stress of the bare fibre, 0x(z), can be determined by substituting the Eq.
(6.22) into Eq. (6.14):

c.(2)= L’{ocmj -2, {C:—'sinh(lz)}} (6.23)
wr.” A

(4

Considering the compatibility condition (Eq (6.3)), the axial strain, &(z), in the fibre core

region is given by
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sc(z)=so(l— sioh(pz) ) (624)

sinh‘?\.Lf '

where, & is the axial strain of the host material at z=0. From Eq (6.24), it is clearly shown
that the strain distribution along the axial direction is dominated by the constant variable 4.
This parameter is a function of the material properties and geometric factor of the adhesive
layer, protective coating and bare optical fibre. Any changes of these properties and factor
would influence the stress distribution at bonded ends due to the existent of hyperbelic

function (sinh(Az)). The Eq (6.24) also shows that the maximum strain of the fibre is equal

to the maximum strain of the host material at z=0.

The axial strains of the bare optical fibre along the bonded length are plotted in Fig.6.4 for
the different bonded lengths (L), tensile moduli of the protective coating (£,) and thick-

nesses of the adhesive layer (¢, =r, —r,,).

Axial strain (10-6,

0 + A
0 001 002 003 004 005 006

Distance from the mid-beam (m)

Figure 6.4a Axial strain of the bare fibre against the distance measured from the axis of
symmetry (z=0) with different embedding lengths.
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Figure 6.4b Axial strain of the bare fibre against the distance measured from the axis of
symmetry (z=0) with different moduli of protective coating material.
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Figure 6.4b Axial strain of the bare fibre against the distance measured from the axis of
symmetry (z=0) with different adhesive thicknesses.

In Fig. 6.4, it is apparently demonstrated that a steady strain measurement can be achieved

at the fibre core region only when a long bonded length is used. The axial strain of the bare

WL OLINWDO VUL vt wliia

fibre for the different moduii of ihe proicciive coating Miateria and Uics of the adhe-
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sive layer are plotted. The results indicate that if a high modulus material is used as a fiber
protective coating and thin adhesive layer is used as a bond interface layer, it requires a
shorter load transfer distance to transfer the load from the host material to the fibre core re-
gion. Conversely, a longer distance is required to transfer all loads to the fibre core by using
low modulus material and thick adhesive layer. A large part of the energy is converted into
shear deformations at the coating and adhesive materials. The axial shear stresses (7ap(Z,rap))

are shown in Fig.6.5 for different adhesive thicknesses.
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®
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16000 -

—&— | mm
14000 - —o—0.l mm [
12000 1

10000
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Axial shear stress (Pa)

Distance from the mid-beam (m)

Figure 6.5 Shear stress against the distance measured from the axis of symmetry (z=0) with
different adhesive thicknesses.

The shear stress concentration at the bonded end region rapidly vanishes with increasing
distance toward the mid-beam (z=0) region. The high shear stress region reduces with de-
creasing thickness of the adhesive layer. However, the maximum shear stress 7ap(z.I3p) in-
creases with increasing adhesive thickness. Increasing the thickness of the adhesive layer

would prolong the shear stress concentration region at the bonded end region.

In Eq. (6.25). it is obviously indicated that the maximum strain of the fibre core (&) at z=0
is same as the strain measured at the host material (&) due to the basic assumption
(Ny=N,=0). However, it may not be true when a thicker adhesive layer is used. During the

PR AP SUIUIRIURP 1Y > i 1 i
adhiesion process, a thin adhesive layer cannot be in general precicely controlled. The thick-
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ness of an adhesive layer is normally beyond the desired limit. A thick adhesive layer, in
turn may take up part of the axial load from the host material. The strain measured from the
fibre core region is slightly less than the strain of the host material. Therefore, the Eq (6.24)

should be rewritten in the following form:

. =Alao{l— sinh(2z) } (6.25)

sinhb.Lf ’

where A4, is the function of the material and geometric constants of the adhesive layer, pro-
tective coating, bare fibre and host material. It is assumed that a part of the axial load is
taken up by an adhesive layer (N;). By considering the force equilibrium at mid-beam re-
gion (z=0) and substituting the compatibility condition (6.3), the maximum strain of the

bare optical fibre at the mid-beam region is obtained by:

(6.26)

:_, 2 2
E, . Ea\Mh “lap | | T
E— E 2 2 2 2
=Ty The ~Th
where ry, is the outside radius of the host material.

6.2.1.2 Bending load added along fibre longitudinal direction

In this section, optical fibre embedded in the structure. which is subjected to non-uniform
stress distribution along the fibre direction is investigated theoretically. Fig 6.6 illustrates
the structure with the embedment of the FBG sensor at the middle region (z=0) of the fibre .

which is subjected to three point bending load.

[n the diagram. it is obviously shown that the maximum bending moment is reached at the
mid-beam section. It can be evaluated by multiplying the reaction load in the support (P/2)

10 the distance peiween ihe support aind mid-beam (L1, To deicrmine the stress transfeming
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properties for the system shown as above, the same initial procedure as Eqs (6.1) to (6.14) is
followed. The bending moment at any section along the beam longitudinal axis can be ex-

pressed by

M,(2)= %(L ,-2). 6.27)

e . S——
( SEREEEEL

Figure 6.6 Schematic diagram for the structure with the embedment of optical fibre sensor
subjected to three point bending load.

The normal tensile stress at the bottom of the beam at any point measured from the mid-

beam, z is given by

3P( :
I

N=—=-\L, -2). 6.28
g, (2) E ) (6.28)

Assume that oy, is the maximum tensile stress at the mid-beam (z=0) of the structure, Eq

(6.28) can then be rewritten to the form:

(6.29)
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Then, the Eq (6.16) for the condition of uniform applied load of the structure along the opti-
cal fibre direction can be alternated to the following form for the structure subjected to three

point bending load, i.e. tensile stress of the structure is expressed as a function of z:

(6.30)

By considering the strain compatibility condition at the mid-beam region (z=0), the Eq
(6.30) can then be simplified after differentiation:

&'t |z, 2
L O N (LS LR R “ﬂ(, o) o (er,). (63D
Ebh’ |G, \r,) G, \n~ &' rlE,

a ap J4 ¢

The Eq. (6.31) can then be expressed as

o’r (z,r ,
——"‘-’(—,i)-—l'r,p(z.rap)+n=0
6z" (6.32)

where

q:
r -ﬁ
Ebh?| 2 in| B |+ 2ol 2 || (6.33)
G, \ro) G, \r.

The solution of Eq (6.33) is given by

t(zr,)= C, cosh(Az) + C, sinh(4z) + 8, (6.34)
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For the above equation, two different boundary conditions are required to determine the pa-
rameters C; and C,. The last term in the equation can be evaluated by substituting the first
and second derivatives of the Eq (6.34) into Eq (6.32). The parameter ¢, can then be ex-

pressed as

3P
Epnia| Do I | Doy T || (6.35)
Ga r‘xp Gp I'L_

At the mid-beam region (z=0), the axial force acted on the fibre core along its fibre direc-

¢0=

tion should be equal to N(0) = o.nre> while zero axial force is obtained at the plate end re-
gion, i.e. Ny(Lg) = 0. By using the above boundary conditions, two parameters C; and C, are

then obtained by

A

or’
C = ——-9 L and C, =0 6.3
| (2'},, ?, f}m ) (6.36)

Therefore, the Eq (6.34) becomes

T A2 cosh(/z) .
fdp(.'. rup)—/l(—zg'-¢o[;f}m+¢a (6.‘)7)

Similarly, the axial stress and strain in the fibre core at any distance z along the fibre direc-

tion can be determined by

2
o.(z)=0, —r—?(c—fsinh(k)+¢u ] (6.38)
- A
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i 2
o) =5, - Lo S0E) Ty (6.39)
Ec SInh(;LLf) Ecrc-

The axial stress in the fibre core region with different embedding length and modulus of
protective coating material, and the shear stress along the coating material (Tap(z,Tzp)) With

different embedding length are plotted in Fig. 6.7.

4350
400 1 —-—L=04m
350
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Length from mid-beam (z=0 m)

Figure 6.7a. Fibre core axial stress against different embedding lengths.

ft is shown in the diagrams that the stress transferring length increases with increasing the
modulus of protective coating. Since high modulus coating material reduces the shear de-
formation in the coating layer, it allows the stress to be fully transferred from the host mate-
rial to the fibre core within a short distance. The stress transferring length is mainly depend-
ent on the hyperbolic function showed in the Eq. (6.37). High coating shear stress is resulted
when decreasing the overall embedding length of the fibre. [t may be due to the increases of

tensile stress at the bottom of the beam when the distance from the mid-beam is reduced.
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Figure 6.7b Fibre core axial stress against different moduli of protective coating material.
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Figure 6.7¢ Shear stress against different embedding lengths of the fibre sensor.
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6.2.1.3 Minimum fibre embedding length

In the Egs. (6.22) and (6.37), it is observed that the stress transferring length of the optical
strain sensor is highly influenced by its embedding length L¢. In order to determine the rea-
sonable embedded optical fibre length in relation to the length of the grating L, an ap-
proximate method with the error less than | % is introduced. To avoid any stress concentra-
tion occurred within the fibre grating region, all stresses are assumed to be fully transferred
from the structure to the fibre core beyond this region. The hyperbolic function in the Eq

(6.22) is then reversed as the following form by using the tolerance of 0.01:

1 1
L, =—sinh™{ ——sinh(1L 6.40
=7 {O.OISI ( g)} (6.40)

The minimum embedding length of the optical fibre with different grating lengths and val-
ues of A, which is evaluated from Eq (6.18) is plotted Fig. 6.8. [t is shown that the value of
minimum embedding length increases with increasing the length of grating region, Ly. The
required embedding length increases rapidly when the value of A is decreased from 400 m™.
Steady decrease of required embedding length is observed when further increasing the value

of A beyond 400m™.
0.16

0.14 1 ~—1g=00Im
0.12
0.1
0.08
0.06

Minimum embedding lengthy

0.04
0.02

0 400 300 1200

')

Figure 6.8 Plot of minimum embedding length of the fibre-optic strain sensing with differ-
ent lengths of grating region and the value of A.
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6.2.1.4 Result verification

The solution from the theoretical study is now verified by the finite element method (FEM)
using commercial package of Msc/Nastran. 6 nodes (Traia6) elements were used to generate
meshes. Fine mesh was used at the fibre end region to measure the shear stress distribution
in the protective coating layer. Since the model is bi-symmetric about its r- and z-axes, only

a quarter segment is considered. Three boundary constrains are applied. These include

W,., =0 and u|__ =0, where u and v are the displacements along r and z directions. re-

spectively and the point of origin (z=0 and r=0) is fixed. Load is applied on the surface of

the model with an uniform pressure of 1 MPa.

Fibre axis

z
e ‘——L"
Adhesive layer —»; »—
Protective coating —« +—
[
i
Bare fibre core — e
[N ]
i Constant pressure

B Host material

JURRS R

- - . *
+ mﬁ - .: ——a
3t . Parabolictn6

.

Constrains = T1, R2 and R3

=

Fixed(z=0)  Constrains
T2, Rl andR3

Figure 6.9. The FEM model for comparison of the theoretical analysis.
Details of the mechanical properties and geometry factor used in the model are listed in Ta-

ble 6.1. Fig. 6.9 illustrates the FEM model for analysing the stress transferring properties of
the optical fibre embedded system and to compare the result from theory.
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The results evaluated from the Eqns (6.22), (6.24) and (6.26) and FEM are plotted in
Fig.6.10. It is shown that the theoretical solutions are in a good agreement with the FEM
results. High magnitudes of the axial strain in the fibre core region and shear stress in the
protective coating layer are measured at the fibre end region (z=Ls) and rapidly vanished

with increasing the distance towards the axis of symmetry (z=0).

In Fig.6.10c, it is demonstrated that the axial strain at the fibre core region decreases with
increasing the thickness of the adhesive layer. The result indicates that the thickness of the
adhesive layer should be carefully controlled to avoid the happening of mis-measurement.
The comparison of the result also shows that the equation (6.26) is able to predict the differ-
ence of strain between the fibre core and the host material for the determined thickness of

an adhesive layer.
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Figure 6.10. The comparison of the results between the analytical and FEM model for (a)
the axial strain of the bare fibre and (b) shear stress of the protective coating against the

distance measured from the axis of symmetry (z=0), and (c) the relative strain (e/€,) against
the adhesive thickness.
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6.2.2 Thermal Effects on Embedded Grating Sensor

In this section, a simple theoretical model is introduced to investigate the mechanical be-
haviour of the embedded FBG sensor for strain measurement under different ambient tem-
perature environments. The magnitude of the maximum shear stress in the protective coat-
ing layer is highly influenced with the values of the coefficient of thermal expansion (CTE)
of silica fibre and composite materials. The compaction pressure distribution along the cir-

cumference of the coating layer is also varied with temperature.

Investigation on the interfacial properties of the embedded optical fibre system is an impor-
tant issue since the interface between the optical fibre and surrounding material has to allow
stress from the host material to fully transfer to the fibre core region. Composite materials
possess different thermal properties, which are dependent on the type of fibre and resin
used. A carbon fibre owns a negative value of CTE while glass fibre has a positive value of
CTE. The resultant CTE of the composite system is based on several factors, which include
(1) fibre volume fraction, (2) CTEs in resin and fibre materials and (3) fibre arrangement
inside the composite laminates. For the unidirectional type of composite plate with all fibres

aligned in axial direction, the CTE of the composite, o is given by [Mallick, 1997]

vf(a[ -ﬂam )+ﬁam

V/(l"ﬂ)""ﬁ

o= (6.41)

where vg, ag, an and P represent fibre volume fraction of composite, fibre and matrix longi-
tudinal CTEs, and moduli ratio of the fibre and matrix, E¢/E, respectively. It is obviously
shown in Eq.(6.41) that the expansion of the composite subjected to the change of tempera-
ture is highly influenced by the thermal properties of mixed constituents. For the carbon fi-
bre composite with a high fibre volume fraction. the CTE value is negative. Therefore. the

differential axial deformations between the composite and embedded sensor vary with tem-
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perature.

A cylinder model, which consists of three different elements including (1) silica fibre core,
(2) polyimide protective coating and (3) surrounding composite laminate as shown in Fig.
6.11. Axial loads are applied to the host material, protective coating and bare fibre along the
x axis by M, N, and N, respectively. E and G represent tensile and shear moduli of the ma-
terials. 7,(x,r) denotes the shear stresses along the axial direction at the interfaces between
the fibre core and protective coating. The symbol r, r, and ry denote the radial distances
measured from the centre of the fibre core to the outside boundaries of fibre core, protective
coating and composite cylinder, respectively. Since the model is symmetry about both r- and

x-axes, only a quarter section of the cylinder is modelled.

r
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7 L
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Figure 6.11 A schematic illustration of three-cylinder model
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To simplify the procedure of calculation, several common used assumptions are addressed

as follows for the current study:

1. Mechanical behaviours of the silica fibre, protective coating layer and composite cylin-
der are linear and elastic. The mechanical properties of the fibre core and cladding ma-
terials are treated as the same [Lo and Xiao, 1998], and they are referred as the fibre
core. In reality, the mechanical properties of the fibre core and cladding are only slightly
different. The relative refractive index for the fibre core ncor and cladding neragaing are

1.46 and 1.45, respectively.

o

Temperature inside the fibre core, coating layer and composite are identical and uni-
form.

3. Interfaces between the coating and composite are bonded perfectly and no slip happens
at the interface between the fibre core and protective coating. Therefore, the displace-

ment conditions are described by

wler,)=u,(er,) r=r,
u;,(x,rc)zuc(x,,-c) for r=rc' (642)

By considering the equilibrium condition in a small element dx from the free body diagram
showed in Fig. 6.1, the sum of total axial force in the coating segment at any radius of r is

equal to zero, i.e.

N
Q
-]
—
12
e’
<
[¥)
|
~
"~
—~—

+rp(x,rc)rc ~r(x.rf =0 (6.43)

where op(x) represents axial stress in the protective coating layer at any section of x. Inte-

grating of Eq.(6.43) yields:
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a,(x)

(rr-r2)+ ]rp (x,r )r.de— ?T(I’ ryde=0 (6.44)
()] 0

Since the protective coating is typically made by a very low modulus material compared
with the fibre core itself, it is reasonably assumed that no axial load is taken by the protec-

tive coating layer at any section of x [Duck and LeBlanc, 2000}, i.e.

Up(x)(r

= (r* -r?) =0 (6.45)

Therefore, the first term in Eq.(6.44) can be ignored in the study. The shear stress in the

coating layer at any section x can be expressed in the following format:
r
)==<1,(x,r) (6.46)

Considering the condition of compatibility for all elements shown in Fig. 6.1, the axial dis-

placement of the composite material can be obtained by

u,(x)=0 , (x)+u (x) (6.47)

where 8, up and u represents relative displacement of the protective coating, axial dis-
placements of the composite material and fibre core, respectively. By taking into account the
thermal induced strains in the axial direction, the strains of the composite material and fibre

core can be expressed as

£,(x)= %) +a, AT, (6.48a)

and

Drrme 1072
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c 3

£.(x)= 9—;3("—)+a AT, (6.48b)

4

where oy(x) and a(x) represent the CTEs of the composite (host) material and fibre core in
the optical fibre, respectively. AT, and AT denote the differential temperature of the com-

posite and fibre core, respectively. The axial displacements of the composite material and

fibre core are then given by

u,(x)= ]{ah( )+a,,AT )dx (6.49a)

and

(6.49b)

The relative displacement of §,(x) at any section x can be determined by

] (e, )r (6.50)

1
"'G—

The axial load N¢(x) in the fibre core at any distance measured from the mid-cylinder x is

then expressed as
N.x)=o o} -2m, _[r x.r. )dx . (6.51)

where o, is a axial stress in the fibre core at mid-cylinder region. i.e. x=0. By substituting

Eq.(6.51) into Eq.(6.49b), the axial displacement in the fibre core can then be written as
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u_(x)= ]'{ ! {omzzrf -2, ]rc (&.r. )dg} +a AT, }dx (6.52)

>
mt. EC

Substituting Eqs.(6.49a), (6.50) and (6.52) into Eq.(6.47) yields

B (X) ‘ ——l : Y r. r
ﬂ gh +a,,AT,.)dx= J{"’f 3 {amm -2, ch(‘f,'})d-f}+aczﬂ;}dx+5;rp(x,rc)ln(f}
(6.53)

By differentiating Eq.(6.53) and considering the compatibility strain condition at mid-

cylinder section, i.e.
£.(0.r)=¢,0,r)=¢,0.r), (6.54)

the following relationship is formed:

2 or,(x,
= J'rp(x,rc)dx-{- L %\:r‘-)-{-(acATc -a,AT,)=0 (6.55)

rE G

¢ 4

Hence, the governing differential equation for the shear stress in the coating layer after dif-

ferentiating Eq.(6.55) can be expressed as:

o’z (x.r.)
3

P —o'r,(x,r)+n=0 (6.56)

where

(6.57a)
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_ a AT -a,AT, (6.57b)

The solution to Eq.(6.56) is given by
7,(x.r.)=C, cosh(ezx) +C, sinh(ax) + k (6.58)

where £ = n/mz. Two boundary conditions are required to solve two constant values of C;
and C,. The first boundary condition is evaluated at x=0. The axial load in the fibre core can
be evaluated by considering the strain compatibility condition, which is explained in
Eq.(6.54). The axial strain in the fibre core region is theoretically equal to the strain of the
composite material. [t is based on the assumption that no axial load is taken by the coating
layer in the embedded optical fibre system. Although this assumption may not be applicable
for the optical fibre coated with high strength material such as copper for corrosion detec-
tion sensor [Lo and Xiao, 1998], it is well accepted to be used for general strain and tem-
perature measuring sensors, which are coated by low tensile modulus material. The second
boundary condition is evaluated at the end point of the cylinder, i.e. x = L. The axial load in
the fibre core is equal to zero, i.e. no load is transferred from the host material to the fibre

core region, i.e.
N.(0r)=m'c, and N_(Lr)=0. (6.59)
Therefore, the constant values of C; and C; are obtained by

o_r.w
= w ¢ and C,=0. 6.60
' 2(sinh(wL )+ koL ) ! (6.60)

The final equation of the shear stress distribution along the protective coating layer is then
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given by

c. 1.0
r,(x)= A kwL)cosh(au)+ k. (6.61)

The equations of the axial load and strain in the fibre core region at any section of x are

further obtained as
, 2 c_r.o
v - 1 - colc 1 h . 6’62
Velo) = {am r (2(sinh(a)f-)+ kOJL)smh(aK)+ )} o
and
2 r.o . d
(.2 ; inh x 6.63
£.(x) é‘cv{ r. (2(sinh(a)[.)+lca)[_)s o)+ O J] o8

where g, denotes axial strain in the fibre core at the mid-cylinder region. According to the
Eq.(6.61), it is obviously shown that the stress transfer properties from the surrounding
composite materials to the fibre core region are highly influenced by a hyperbolic function.
cosh(@x). o is a function of mechanical properties and geometrical factors of the protective
coating and fibre core materials. The second term in Eq.(6.62) expresses the thermal effects
from both the composite and fibre core materials. Therefore, any changes of the fibre core.
coating and composite materials and temperatures may result in changing the stress transfer
behaviour and magnitude of the maximum shear stress in the coating layer. In the current
study, carbon/epoxy, Kelvar/epoxy and E-glass/vinyl ester composites are used as the sur-
rounding material for the embedded optical fibre system to compare their stress transfer be-
haviours under a same loading and temperature conditions. All mechanical and geometrical
properties are listed in Table 6.2. An axial stress of 100 MPa is applied on the end of the
composite cylinder with the differential temperature variation ranging from 0°C (RT) to

80°C. In the study, it is assumed that the differential temperature in the fibre core and host
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material is same, i.e. AT, = ATy,

The shear stress distribution in the protective coating layer estimated from the theoretical
prediction are plotted in Figs.6.12 to 6.14. It is shown in the figures that the maximum shear
stress decreases with increasing the differential temperature AT if the optical fibre is em-
bedded into the carbon/epoxy (Fig.6.11) and Kelvar/epoxy (Fig.6.13) composites. In con-
trary, the maximum shear stress decreases with decreasing the differential temperature AT if
the optical fibre is embedded into the E-glass/epoxy (Fig. 6.12) composite. This implies
that the magnitude of the maximum shear stress in the coating material is dominated by the

value of the CTE of the surrounding composite material.

Table 6.2 Mechanical and geometrical information for present study

Silica fibre Coating Carbon/ Kelvar/ E-glass/
(Polyimide) epoxy epoxy vinly ester

Tensile modulus (GPa) 72 0.047 180 76.32 386
Thermal coefficient of

Expansion (10° m/m/°C) 5 45 0.02 -1.1 8.6
Fibre volume fraction — — 0.6 0.6 0.6

r (pm) 62.5

rp (um) 125

ry (um) 300

L {m) 02

In Table 6.3, it is shown that the values of the CTE of the carbon and Kelvar fibres are
negative while E-glass fibre is positive. This implies that the carbon and Kelvar composite
materials contract with increasing the temperature, which results in reducing the resultant
axial strain in the composite cylinder, g,(x). i.e.

Eowat (X)= Eapplied load (X) = Ehermal contraction(X) (6.64)
The shear stress in the coating layer is then reduced in due course. Accordingly, the reverse

shear action (gives negative shear stress value) may occur if the negative value of the CTE

of the surrounding composite material reaches a critical limit, i.e. Kelvar/epoxy composite

Page. 188



Chapter 6 Strain Monitoring Using FBG Sensors

with high fibre volume fraction. The optical fibre trends to protrude from the composite at

the plate end region while the composite contracts as shown in Fig.6.15.
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Figure 6.12. Shear stress in coating layer of the optical fibre surrounding by carbon/epoxy
composite.
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Figure 6.13. Shear stress in coating layer of the optical fibre surrounding by E-
glass/vinlyester composite.
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Figure 6.14. Shear stress in coating layer of the optical fibre surrounding by Kevlar/epoxy

composite.

Table 6.3 Coefficients of thermal expansion for various fibre, matrix and composite materi-

als.

Materials Coefficient of thermal ex-
pansion (10" m/m/°C)

Fibres
Graphite -1.3
Kelvar 35
E-glass 5
Matrix
Epoxy 65
Vinylester 45
Advanced compsoites
Graphite/epoxy (v¢=0.6) 0.02
Glass/epoxy (ve= 0.25) 14.25
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Figure 6.15. Deformation patterns of embedded optical fibre surrounding by composite
materials with different CTE properties.

However, for the E-glass composite cylinder, the axial strain increases with the increase of
temperature. This makes further expansion of the composite material and the resultant strain
is much greater than that the strain induced by the applied load alone. It therefore gives
highest shear stress in the coating materials when the temperature of the composite in-
creases. The fibre core axial load against different embedding lengths is plotted in Fig. 6.16.
It is found that the maximum axial load in the optical fibre core increases with increasing
the temperature for the glass fibre composite material. The overall stress transferring length
is almost unchanged with temperature. It is worth to note here that the selected embedding
length of the optical fibre should be longer than the grating length of the FBG sensor. The
grating should be laid inside the steady stress transfer region in order to provide an accurate

strain measuring result.

The radial stress at the interface between the coating and composite due to the thermal ex-
pansion of the embedded optical fibre and surrounding composite materials can be evalu-

ated by super-positioning the equations for thick walled cylinder [Yuan and Zhou, 1998a]
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method. Figure 6.17 shows a two-dimensional model for investigating radial shrinkage pres-

sure of the optical fibre due to thermal effect and external applied load.

Fibre core axial load (N

——L=0.1; dT=RT \
-8~ L=0.1; dT=80C |
——1~03; dT=RT
—a—1~03; dT=80
——L=0.5; dT=RT

—o—L=0.5, dT=80C

o T

0.3 0.4 0.5

Distance (m)

Figure 6.16. Fibre core axial load versus embedding length of the optical fibre.

Protecttve coating

« ///ff"//

Composne

Oc

Figure 6.17. A 2-D model for interpretation of compaction pressure on coating surface.
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The radial CTE of the composite cylinder is given by

2, =(i+v) 2%y (149, ), (-7, )-av (6.65)

where o, denotes the composite transverse CTE; aq and o represent the fibre longitudinal
and radial CTEs; ay, is CTE of resin; V¢ v and vy, denote the fibre volume fraction, Pois-
son’s ratio of fibre and matrix materials, respectively. The following equation was derived
to estimate the compaction pressure on the coating surface of the embedded optical fibre

sensor subjected to thermal effect and external applied load, o:

%oc(1+cos(29))+ - (a;. —a AT - >
(l—vs)r5+(1+vs)r; (l_ccr)’ﬁ(l'*'vcr)’c-'

Es(rg'-rg') * Ecr(rg' -rg)

Ocr (6) =

(6.66)

where o and 6. denote a compaction pressure on the coating surface and external applied
load on the composite; vs and v, represent the Poisson’s ratio of the sensor and surrounding
composite materials; E; and E,; denote the tensile modulus of the sensor and composite ma-
terials; o, and o are the radial CTEs of the composite and sensor. A plot of the radial com-
paction pressure in the coating surface against different angle measured from the load-
applied direction is shown in Fig. 6.18. It is found that the compaction pressure at 8=90° is
no longer equal to zero. This is due to the shrinkage or expansion action of the sensor and

composite at the interface between the coating surface and composite.

The solution from the theoretical prediction is verified by the finite element method (FEM)
using the commercial package of Msc/Nastran. Six-node (Tria 6) elements were used to
generate meshes. Small mesh size is used at the fibre end region in order to achieve more

accurate result. Since the model is bi-symmetric about both the radial and fibre axes. only a
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quarter segment is modelled for our investigation. The boundary conditions are v Ino and
u L:o , where v and u represent the displacements of a node along the fibre radial and lon-

gitudinal directions, respectively. Differential temperature of 40°C is applied to all elements
including glass fibre composite, protective coating and fibre core materials. External applied
pressure of 100 MPa is added on the end of the composite cylinder. The mechanical proper-
ties of the materials used in the current study are shown in Table 6.2. The results evaluated
from the Eqgs.(6.59) and (6.62) and the FEM analysis are plotted in Figs.6.19 and 6.20. In
the figures, it is demonstrated that the coating shear stress and axial strain in the fibre core

region evaluated from the theoretical predictions are well compared with the FEM solutions.

——GFRP: P=100MPa; dT=100C
—g~CFRP: P=100MPa; ¢ T=100C

—a— P=100MPa; dT=0

Pressure (MPa)

Angle (8)

Figure 6.18. A plot of compaction pressure on the coating surface versus different angles of
measurement, 9.
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Figure 6.19. A comparison of the theoretical prediction with FEM result of coating shear

stress.
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Figure 6.20. A comparison of the theoretical prediction with FEM result of fibre core axial

strain.
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6.3 Strain Measurements using Fibre-optic Bragg Grating (FBG)

Sensors

6.3.1 Introduction

In this section, experimental studies on strain measurement by using embedded fibre optic
Bragg grating sensor in concrete structures are presented. The principle of the FBG sensor
has been introduced in Chapter 2.2.3. The FBG sensors have been installed either into the
concrete or at the interface between the concrete and externally laid up composite materials.

Conventional strain gauges were used to compare the strain reading from the sensors.
6.3.2 Single sensor Strain Measurement
6.3.2.1 Sensor calibration

A preliminary calibration test was performed to determine the coefficient K., which is indi-
cated in Eq.(2.5). A standard steel dog-bone shape specimen was used in a tensile strength
test. The calibration factor pertains to the slope of the linear relationship between FBG re-
flective wavelength shift and strain measured by conventional strain gauge. Opposite the
strain gauge, an FBG sensor has been adhered to the centre of the test specimen with epoxy.
The grating length of the FBG sensor was 12 mm and total embedding length was 235mm.
According to the theoretical prediction, the coefficient A was calculated to be 600 m™. and
the required minimum embedding length evaluated from Eq.(6.40) was 19.67 mm. There-
fore, the sensor should provide a strain reading within the steady measuring region as the
strain reading would not be influenced by the bonded end shear stress concentration. A
schematic diagram of the testing specimen is shown in Fig. 6.21. The adhesive thickness
was controlled evenly by using spring clamp and cushioned by a soft rubber chip. The strain
reading for the strain gauge and the reflective wavelength signal from the sensor were re-
corded by the System 4000 data logger and optical spectrum analyser (OSA), respectively.
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The testing specimen was held in the Sintech tensile testing machine for tensile testing. A

loading rate of 0.5 mm/min was used in the test.

Tensile testing coupon

Strain gauge

= —* Ox

Fibre-optic Bragg grating sensor

Figure 6.21 Tensile testing specimen for calibration test.
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Figure 6.22 Load-strain (a) and wavelength-strain (b) curves extracted from the calibration
test. [n the diagrams, diamond and triangular spots represent readings from the strain gauges
while solid line represent readings from the FBG sensor.

The experimental results are shown in Fig. 6.22. For a silica fibre (optical fibre core). the

wavelength-strain sensitivity is 1.55 pm. The selected Bragg wavelength used for present

study was 1555 nm. The result obtained from the FBG sensor gives a good agreement com-

pared with the strain gauge. which was bonded on the opposite side of the testing specimen.

The value K as indicated in Eq.(2.6) is determined by fitting a curve in Fig 6.22b and it

was calculated as 947.55 nm™. This implies that each 947.55 nm” shift of the reflective
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wavelength corresponds to 1 x 10 of strain change. The unit of reflective wavelength, 1g is

in nm. Thus, the Eq.(2.6) can be rewritten as

£&=947.55 Ag — 1473917.45 (6.41)

The function of OSA is to display in-coming wavelength signal from the sensor. The read-
ing displayed on the screen of the OSA presents the peak reflective wavelength value and
this value, eventually can be converted into the strain at the grating region. The spectrum,
which was captured from the OSA. during the experiment, is shown in Fig. 6.23.
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Figure 6.23 Reflective Bragg wavelength spectra (extra from OSA).
6.3.2.2 Strain measured in concrete cylinder
6.3.2.2.1 Experiment set up
The FBG sensors were installed in various forms in concrete cylinders with and without

wrapping by glass fibre composite. These include: (1) embedded into the plain concrete

cylinder (intrinsically); (2) bonded at the interface between the glass fibre composite and
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concrete surface in parallel and perpendicular to the direction of compression loading; (3)
embedded inside notched concrete cylinder and located in front of the notch-tip. Schematic
diagrams of experiment set up in strain measurement by using FBG sensor, and the test
specimens with the surface bonded strain gauges and embedded FBG sensor are shown in
Figs. 6.24 and 6.25 respectively. The FBG sensors, which were used for measuring surface

strain of the concrete for the wrapped concrete cylinder were pre-glued one day before lay-

ing up the composites.
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Figure 6.24 Schematic diagram of the experiment set-up for concrete cylinder with the
embedment of FBG sensor and surface bonded strain gauges under uni-axial compression
test.

To avoid damage of the fibre sensor during handling and moulding processes, 2 special sup-
porting fixture for aiigning and reinforcing the sensor is introduced. Thin and tough nylon
string was used to align and guide the optical fibre in line parallel to the load direction. Both
ends of the sensor were stuck on the string by using epoxy adhesive. High flexible rubber
tubes were used to protect the fibre at both entrance and exit locations of the concrete cylin-
der to minimise the risk of fibre breakage due to the formation of sharp turning or other un-
expected damage during moulding and de-moulding processes. Hlustrations of the optical

fibre installation technique and the photograph of the moulded concrete cylinder with the
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optical fibre are shown in Fig.6.26. The experiment set up and notched concrete cylinder

with the embedment of FBG sensor are shown in Fig. 6.27.

Figure 6.25 Schematic illustration of the FBG sensor embedded specimens.

Initial calibration of the embedded FBG sensor was performed in the early stage. The sen-
sors were embedded into the plain concrete cylinder and at the interface between the con-
crete surface and external wrapped composite laminate of 1 layer glass fibre composite
wrapped concrete cylinder. The specimens were then compressed to 1/3 of its ultimate load
value of the plain concrete cylinder, for three repeated loading cycles. The test results of the

FBG sensor compared with the surface bonded strain gauges are demonstrated in Fig. 6.28.
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(b)

Figure 6.26 (a) Schematic diagram of the installation set-up for FBG embedding system
and (b) photograph of the moulded concrete cylinder with the embedded FBG sensor.
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(b)

Figure 6.27 Photographs of the (a) experimental set-up and (b) notched-concrete cylinder
with the embedment of FBG sensor.
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Figure 6.28 Experiment results of strain measured by using embedded FBG sensors (solid
line) and surface bonded strain gauges (dot line). Result A: FBG sensor was embedded at

the interface between concrete and composite of the wrapped concrete cylinder; Result B:

Plain concrete cylinder with the embedment of FBG sensor.
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6.3.2.2.2 Results and discussions

The strain readings from the sensor are well compared with the conventional strain gauge of
the tested concrete cylinder with 1 layer of GFRP composite wrap. The result of the ex-
periment is plotted in Fig. 6.29. The compressive strains measured from the test gave con-
sistent reading between the FBG sensor and strain gauge when the compression load was
applied up to 70% of its uitimate load value. The readings are diverged when the applied
load continuously increases. It is speculated that the wrapped concrete cylinder develops
considerably more cracks than that for the un-wrapped concrete specimen, particularly on

the concrete surface, which is located inside the wrapping region.
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Figure 6.29 The strain measured by the FBG sensors and externally bonded strain gauges of
the concrete cylinder with 1 layer of GFRP composite wrap. Readings from the strain gauge
and FBG sensor are represented by dot and solid lines, respectively.

For the notched concrete cylinder, the strain measured from the FBG sensor was greater
than that from the externally bonded strain gauge at ultimate load condition. It is revealed
that the stress was still concentrated inside the concrete and in front of the notch-tip, where
the sensor was embedded. The property changes in this region cannot be directly measured
via externally bonded strain gauge. The results of the strain measured using FBG sensor and

strain gauge for the wrapped notched concrete cylinder are plotted in Fig. 6.30. The micro-
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graph of the wrapped concrete cylinder with the embedment of optical fibre is shown in Fig.
6.31. In the diagram, it is clearly shown that the aggregates are not uniformly distributed
inside the concrete. The sensor is respectively bonded well on the concrete surface and inner

face of glass fibre composite laminate.
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Figure 6.30 The strain measured at the notch-tip of the wrapped notched concrete cylinder
from the embedded FBG sensor (solid line) and externally bonded strain gauge (dot line).

Figure 6.31 The cross section view of the embedded sensor at the interface between con-
crete and externally bonded glass fibre composite.
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6.3.2.3 Strain measurement in composite bonded concrete beam

6.3.2.3.1 Experiment set up

Standard laboratory-sized rectangular concrete beams were made according to the ASTM
C293-94 for three point bending test. The dimension of the beam is 154 mm x 154 mm x
500 mm. The mixture ratio and mechanical properties of the beam are same as the beam
mentioned in Chapter 3. The beams were strengthened by bonding glass fibre composite
laminate on either tension or shear surfaces. Notches were made on the tension side for all
the beams with notch-to-depth ratio of 0.2 before strengthening. The notches were then
filled with epoxy based resin to avoid any environmental attacks on notch-surfaces. The
type of glass fibre composite was same as the wrapping material for concrete cylinder. Pre-
treatment on all surfaces of bond was needed to ensure perfect bond between concrete and
composite. Details of the testing specimens for present study are listed in table 6.4 and Fig.
6.32.

Table 6.4 Descriptions of all strengthened beams with the embedment of FBG sensors.

Code Strengthening Number of Size of GFRP plate
surface(s) layer(s)
SB-S1 Tension 1 250 mm x 152 mm
SB-S2 Tension I 250 mm x 152 mm
Shear 1 250 mm x 76.2 mm
SB-S3 Tension 6 250 mm x 152 mm (1* 2 layers)

200 mm x 152 mm (2™ two layers)
152 mm x 152 mm (last two layers)
Shear 6 250 mm x 76.2 mm (1* 2 layers)
200 mm x 63.5 mm (2™ two layers)
152 mm x 50.8 mm (last two layers)

The strains of the composite strengthened rectangular notched concrete beams were meas-
ured by two different systems for the, whihc include FBG strain monitoring and externally

bonded strain gauge measurements. The FBG sensor was attached on the concrete surface
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before laying up the composites. The reflective wavelength from the sensor was recorded
simultaneously during the test. The glass fibre composite laminate was made by laying-up
directly on the surfaces of the concrete beam. All the strengthened beams were then rested
for 24 hours for curing. Strain gauges were attached on the outer surface of composite lami-
nate and at the same position where the sensors were embedded at the interface between
concrete and composite. They were used to measure the surface strain condition of the ex-
ternally bonded composite. All strain and load values were recorded automatically through
the computer. The embedding length of the sensor was large enough to avoid shear strain

loss at the bonded end region.

Applied load

Concrete FBG sensor

SB-SI  SB-S2 SB-S3 Adhesive .
GFRP composite

Figure 6.32 Schematic illustration of all strengthened beamns with the embedment of FBG
sensors at the interface between concrete surface and composite.

All the standard notched beams after strengthening were then subjected to three point
bending load to investigate the strain behaviours. The load displacement rate was set as 0.5
mm/min. The experiment set-up of the whole strain measuring system and a photograph

captured in site of the experiment is shown in Fig. 6.33.
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Figure 6.33 A schematic diagram (a) and photograph (b) of the experiment set-up for strain
measurement of composite strengthened concrete beam using the FBG sensor and externally
bonded strain gauge.
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6.3.2.3.2 Results and discussions

The FBG sensors were installed at the interface between the concrete surfaces and exter-
nally bonded composites laminate of the composite bonded notched-concrete beam. The
strains measured from the strain gauge and the FBG sensor are plotted in Fig. 6.34. It is ob-
viously shown that the strain at the concrete surface is always higher than that at the surface
of the externally bonded composite plate. The FBG sensor can monitor the strain condition
of the concrete and detect the failure earlier than the strain gauge, which is mounted on the
surface of outer reinforcement. The result of the specimen SB-S1 shows the rapid change of
strains when the load is applied beyond 20 kN. During the experiment, several visible
cracks and debonds were observed at adjacent areas near notch-mouth when the load
reached 30 kN. Due to the formation of cracks, where beside the location of the sensor and
strain gauge, the strain relaxation occurred when further increasing the applied load. This

causes the regression of strain measured during the experiment.
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Figure 6.34 Strains measured by using the embedded FBG sensors and externally bonded
strain gauges for the specimens (a) SB-S1, (b) SB-S2 and (c) and SB-S3.
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However, this phenomenon may not influence strain on the outer surface of composite plate.
Therefore. the strain measured from the FBG sensor is much more sensitive than that meas-
ured from surface mounted strain measuring device if internal debonds occurs at the sensor
embedding region, particularly for the beam strengthened by thick reinforcement. The dis-
crepancy of the strain measurement between the embedded FBG sensor and strain gauge for
specimen with 6 layers of composite laminate (SB-S3) is higher than the specimen with
only one layer of composite laminate (SB-S1) on the tension surface. The failure modes of

all testing specimens are shown in Fig. 6.35 to 6.36.

Figure 6.35 White tracks represent the occurrence of debonds and small cracks on the con-
crete surface tor specimen SB-S1.

Epoxy filled notch

TE——_ vy
" Embedded
FBG sensor

s

Figure 6.36 The embedded FBG sensor is located at the notch-tip region. A large portion of
white shallow behind the sensor represents debond occurred in this region.
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6.3.3 Multiplexing Strain Sensors
6.3.3.1 Glass fibre composite laminate

As described in Chapter 2, the FBG sensors can be arranged in multiplexing array to meas-
ure strains in different locations along a structure by only occupying one single optical fibre.
In present study, Frequency modulated continuous wave (FMCW) muitiplexing technique
was used. The FBG sensors were embedded into 20 layers of balanced type glass fire com-
posite laminates. Three FBG sensors were made in one single optical fibre. The sensors
were located at the interfaces between first and second layer and between 19™ and 20%
layer. One sensor was used for reference signal. A four point bending test was performed to
investigate strain responses measured from the sensors. External bonded strain gauges were
used to compare the results from the FBG sensors. The testing set up and test specimen are

shown in Figs. 6.37 and 6.38, respectively.

Cross-section view

26.6 mm To coupler

13.8 m Strain gauge

To——=—"C

I 235 mm

20 layers of glass fibre laminate (Vi=42%)
FBG sensors are located at the interface between
- Ist and 2nd layers

- 19th and 20th layers

Figure 6.37 Experimental set up for the four point bending test.
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Optical fibre (with FBG sensor)

Strain gauge

Figure 6.38 Photograph of the testing speicmen

A high fibre volume fraction (v4~42%) composite plate was used to reduce adhesive thick-

ness between the sensor and its surrounding materials. A high radio frequency (RF) spec-

trum analyser of 30 Hz resolution and the rate of frequency excursion of approximate 4 x

10" Hz? were used in present study. The coefficient K; measured in the experiment for the

sensor was 947.55 nm™. The selected wavelength and corresponding beat frequency in the

experiment for sensors Sy, S2 and S3 were 1556.3 nm, 1554.24 nm and 1554.24 nm, and 50

kHz, 75 kHz and 105 kHz, respectively. The separation between each sensor was 1 m,

which is long sufficient enough to avoid the occurrence of coherent noise inside the fibre

core. The spectrum extracted from the OSA is shown in Fig. 6.39. The total embedding

length was satisfied to the Eq. (6.20).
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Figure 6.39 The beat frequencies for S, S; and S3 sensors measured in the experiment.
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The experimental results for the strain measured from both the FBG sensors and externally
bonded strain gauges give a good agreement to each other. The result is plotted in Fig.6.40.
The positive portion represents the tensile strain measured on the bottom surface while the

negative portion is compressive strain measured on the top surface of the specimen.
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& FBG sensor (tension)
800 I e FBG sensor (compression)

0 02 04 0.6 08 1
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Figure 6.40 Comparison of the strains measured by FBG sensors and externally bonded
strain gauge.

6.3.3.2  Strain measurement for composite wrapped concrete cylinder

6.3.3.2.1 Experiment set up

The testing specimen was similar to that described in Section 6.3.2.2. A concrete cylinder
was wrapped by 5 layers of glass fibre composite laminate. A single optical fibre with three
grating sensors was adhered on the concrete surface. Two sensors S, and S; were placed at
the middle height of the cylinder in both the longitudinal and hoop directions to measure
strains. The same parameters such as beat frequencies and selected wavelengths used for the

composite plate in previous section for the FBG sensors were used in the experiment.
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Externally bonded strain gauges were mounted on the surface of composite and at the same
locations that the sensors were embedded. A schematic diagram of the test specimen is

shown in Fig. 6.41.

Uni-axial compression test was then performed and the strains were measured up to its ul-
timate compression load value. The optical fibre was glued on the concrete surface by using
epoxy resin, which is same as the type of matrix used to form composite. The composite

lay-up process was performed after 24 hours.

Concrete cylinder

.

&
.
22

.

v:%?*
S

o

GFRP composite

To coupler

Figure 6.41 Composite wrapped concrete cylinder with the embedment of multiplexed FBG
SEensors.

6.3.3.2.2 Result and discussion

In Fig.6.42, experimental results for the wrapped concrete cylinder with the muitiplexed
FBG sensors, which were embedded at the interface between the concrete surface and
wrapping laminate, are plotted. It is shown that the difference of the strains measured from
the FBG sensors and strain gauges increases with increasing the applied compression load
beyond 250kN. This phenomena implies that the axial deformation in concrete is larger than
that of the outer surface of the wrapping composite. The differences of the strain measure-
ment might be due to the existence of cracks on the concrete surface and high shear defor-

mation in composite laminate (see Fig.6.43). However, the divergence of the result meas-
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ured in the lateral direction is smaller compare to that measured in axial direction. Since
there was no lateral shear deformation existed in the wrapping composite, the strains meas-
ured at the interface between the concrete and wrapping composite and on the surface of
composite are closed to each other when the applied load is below 300kN. The difference
increases with continuously increasing the applied load. It was suspected that internal cracks

and debonds might occur in the concrete and at the bond interface, respectively.
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Figure. 6.42 Strains measured by the embedded FBG sensors with single optical fibre and
surface mounted strain gauge for 6 layers of composite wrapped concrete cylinder.
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Figure 6.43 Schematic diagram of the composite wrapped concrete cylinder subjected to
compression load. Relative high compressive strain on the surface of composite is measured
due the existence of axial shear deformation in composite laminate.
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6.3.3.3 Strain measurement for composite bonded concrete beam

6.3.3.3.1 Experiment set up

A standard laboratory sized rectangular notched-concrete beam with a notch-to-depth ratio
of 0.2 was made. The notch was then filled by epoxy resin, which is same as that used for
lay-up the glass fibre composite plate in the experiment. Three FBG sensors were glued by
using epoxy base resin on three different locations as illustrated in Fig. 6.44. Sensor S; was
located at 1 mm in front of the notch-tip region, which is suspected to be a highest stress
area for the notched —beam without strengthening by external reinforcement. S was located
at the mid-beam bottom-edge while S; was at bottom-centre regions and in front of the
notch-mouth. Sensors S, and S3 were arrayed serially in a single optical fibre. All three sen-
sors were located in parallel arrangement as shown in Figs. 6.44a and b. All composite

laminates were laid up directly onto the surface of the concrete beam.
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(b)

Figure 6.44 The FMCW multiplexing technique (a) in monitoring strain for strengthened
rectangular concrete beam and (b) the test specimen for three point bending test.

6.3.3.3.2 Results and discussions

The results of the specimens subjected to the three point bending are shown in Fig.6.45. It is
found that the difference of the strain measured by the external bonded strain gauges and
interfacial bonded FBG sensors increases with increasing the applied load, particularly at
the mid-beam bottom-edge region (S,). However, at the low loading range, the strain meas-
ured from the strain gauge and FBG sensor provide a linear load-strain relationship and give
a good agreement with each other. After the load readings to 23 kN, the divergence of the

strain measured by the strain gauge and FBG sensor increase rapidly.

It was found experimentally that high strain (5300pg) occurred when the load was applied
to 27 kN. The signal from the sensor S, disappeared when further increasing the load. It is
suspected that the optical fibre was broken. The signal received from the sensor S3 was

therefore lost subsequently.
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Figure 6.45 Strains measured from the FBG sensors and strain gauges for (a) Sy, (b) S; and
(c) Ss.

At the notch-tip region, the FBG sensor gave the strain response up to 31.5 kN. It was ob-
served that debond at the interface between the concrete and composite plate occurred and
extended rapidly toward the opposite direction of the applied load. Shear cracking in the
concrete and peel-off in composite were found when the applied load reached 36.5 kN. In
Fig. 6.46, a photograph of the test specimen after testing is shown. It was clearly found that

peel-off in the composite plate occurred at plate end region.

Figure 6.46 The peel-off failure at plate end region.

Page. 219



Chapter 6 Strain Monitoring Using FBG Sensors

The result measured in the experiment show that the difference of the strain measured by
the strain gauge and FBG sensor is relatively low when the applied load is small. The diver-
gence increases when continuously applying the load to its ultimate condition. It was also
shown that debond between the concrete and composite could not be detected directly by
the externally bonded strain gauge. However, the FBG sensor gave the high strain value

when debond occurred.

6.4 Summary

In this Chapter, the investigation on embedded FBG sensor for composite strengthened con-
crete structures have been conducted through theoretical analysis and experimental studies.
The single and multiplexing sensors using FMCW technique were also used to measure
strains either inside the concrete or at the interface between the concrete surface and exter-

nally bonded composite laminate. Throughout the whole study, several conclusions can be
drawn.

1. A theoretical model is introduced to determine the mechanical behaviour of the fibre
sensor embedding system with different mechanical properties and geometrical factors

of surrounding matrix, fibre core, adhesive layer and protective coating materials.

!\)

The use of thick adhesive layer and low modulus of coating material with a short em-
bedding length of sensor is not encouraged for fibre sensor embedding system because
the maximum shear stress and stress transferring length increase with increasing thick-

ness of adhesive layer and decreasing modulus of coating material.

LI

. Sufficient embedding length of the embedded sensor is essential to avoid mis-
measurement using FBG strain sensor. A minimum embedding length can be evaluated
by using Eq.{6.40).

4. The coating shear stress decreases with increasing the ambient temperature when the

optical fibre is embedded to a material, which has a relative low value of CTE. (Carbon

and Kevlar fibre composites) compared with the fibre-core. However, for a matrix mate-
rial with high value of CTE., the coating shear stress increases with increasing the tem-

perature of the system.
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5. Embedded FBG sensors can revealed the true strain of measurement in real time com-
pared with externally bonded strain gauge, particularly for a structure with surface cov-
erage reinforcement.

6. Multiplexed FBG strain sensor enable to measure strains in different locations at the
same time with only using one single optical fibre. In high strain condition, the proper-
ties change at the adhesive layer cannot be detected directly from the surface adhered
strain- measuring devices while the FBG sensors can provide important signal to the op-
erator.

7. The order and arrangement of the sensors is very important for multiplexed strain meas-

uring system since the sensor may loss signal if any one of sensors, which are located in

the direction from light source is broken.
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CHAPTER 7

ENVIRONMENTAL EFFECTS ON COMPOSITE
STRENGTHENED RC BEAMS

7.1 Introduction

Fibre reinforced plastic (FRP) composites are known to have excellent fatigue resistance,
corrosion resistance and can be tailored to give optimal combinations of stiffness, strength,
and thermal expansion by proper design and application. Due to these inherent properties of
the FRP composites, they have been gradually accepted for concrete rehabilitation and re-
pair works in recent years. However, the environmental attacks on the concrete structures,
particularly when the structures are used in offshore or other high chemical emission areas
are severe [Gibson, 1993]. Although the use of the FRP materials can overcome the prob-
lems arising from corrosion of metal and long term maintenance, several studies have ad-
dressed that E-glass epoxy composites suffer from moisture absorption which result in a re-
duction of strength of the structures [Toutanji (1999), Castaing and Lemoine (1995) and
Bradley et al. (1997)]. In general, the mechanical properties of the matrix are reduced by
moisture absorption, typically 1-3% of the weight of the matrix [Bradley, 1997]. It is be-
cause the cross-linked networks in resin bonding system are sensitive to a manifested
chemical stress relaxation. Therefore, the failure of the structure is eventuated {Gutman,
1995]. For the fibre reinforced composites, absorbed moisture can not only plasticise the
matrix as in the pure matrix system but also affect the bonding properties at fibre-matrix
interface {Berry, 1977].

[nvestigations on the mechanical properties of glass fibre composite strengthened concrete

structure in different chemical environments are very limited in previous research publica-
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tions. In current study, the mechanical performances of steel reinforced (RC) concrete
beams with and without being strengthened by externally bonded glass fibre composite
laminates after submerging into different chemical solutions under room temperature for six
months are experimentally investigated through standard three point bending test. The ob-
jective of the study is to evaluate the effects on the concrete and glass fibre composite

strengthened concrete structures under long-term attacks by aggressive environments.

7.2 Specimens Fabrication and Experiment Set Up

Total 30 laboratory-sized rectangular RC beams were manufactured for investigation. To
control the consistency in quality of all RC beams, 30 non-reusable wooden moulds were
made for manufacturing concrete specimens at the same day with same concrete constitu-
ents. A steel bar with a diameter of 6 mm with surface grindering (increase surface rough-
ness) was embedded into the concrete beam. The mixture ratio of the concrete was 1:1.5:3.
Only 10 mm aggregates were used as coast aggregates. A schematic diagram of the RC
beam used in the present study is shown in Fig. 7.1. The dimension of the beam is 525 mm
X 55 mm x 84 mm and a steel bar with a diameter of 6 mm is located 20 mm above the ten-

sion surface of the beam.

Rectangular RC beam

Mixture ratio : 1: 1.5: 3 [Cement: sand: aggregate (10mm)]

55 mm
—>
SIS IS SIS IS ST s
20 /,"/’j/, s ,//,",/' f S LS /: o Ry S
i , 24
4 P IS T TS IS S S .
L Y L S e e mm

<

| AR N N I Ry RENyrxyy i }
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>

525 mm

Embedded steel bar with a diameter of 6 mm

Figure 7.1 Schematic diagram of the RC beam used in present study.
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All moulded concrete beams were demoulded after 24 hours of curing and stored inside the
curing tank for another 28 days for curing. Both ends of protruded steel bar are protected by
low-melting point rubber element in order to avoid corrosion during curing and chemical
attack in later processes. The wooden moulds used for the present study and the rectangular

RC beam with end protective rubber element are shown in Figs. 7.2 and 7.3, respectively.

Figure 7.3 Both ends of the embedded steel bar are protected by rubber element.
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The RC beams with and without being strengthened by three layers of glass fibre composite
laminates were then submerged into different chemical solutions (see table 7.1) in order to
investigate their durability by performing standard mechanical tested. The composite lami-
nates were laid up directly on the concrete surfaces. The bonding length of the glass fibre
composite laminates is 400 mm (covering the whole width of the beam). Six identical
specimens were submerged into each type of chemical solution for six months. Three of the

specimens were strengthened by externally bonded glass fibre composite while another

three were in un-strengthened status.

Table 7.1 Specimen types for current study.

Specimen code Surrounding
Environments
PRC Ambient condition (25°C)
RCH,0 Fresh water
RCPH4 PH 4 buffer solution
RCPHI10 PH 10 buffer solution
RCNacCl Saline solution

The submerged specimens were then kept at room temperature for six mouths after | month
of standard curing process. In Fig. 7.4, plastic containers made by Polyethylene (PE), which
were used to store the strengthened and un-strengthened specimens are shown. The sub-
merged beams were then removed from the tanks and cleaned by fresh water to remove the
chemical solution remained on the concrete surface. The beams were then placed in room

temperature (25°C) and humidity (60%) conditions for two days to dry up.

Many small crystals remained on the surface of the concrete beams, which have been sub-
merged into the tanks filled with acidic, salty (NaCl) and fresh water solutions. [t was sus-
pected that part of the solution was diluted because of the formation of these crystal ele-
ments by chemical reaction. This particle is definitely undesirable and may cause the reduc-
tion of strength of the structure. However, for the specimens, which have been submerged
into the alkali solution, there were no small crystal elements observed. In Fig. 7.5, a photo-

graph for the specimens after submerging into saline solution is shown.
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Figure 7.4 Plastic containers used for storing RC beams for three point bending test. Acidic
solution PH 4 (left), alkali solution PH 10 (middle) and sea water NaCl (right).

Figure 7.5 Many small crystal particulars were formed on the concrete beam after sub-
merging into saline solution.

Since concrete is mixed by Portland cement material which is being highly alkaline. It does
not resist the attack of strong acids or compounds which may convert to acids [Neville,
1997]. Romben (1978) found that concrete would be seriously attacked by the solution at a
PH 5.5. In general, PH level of acid rain is between 4.0 and 4.5. However, the concrete can
also be attacked by saline solution and fresh water containing free CO,. The existence of
these materials in solution may result in sulfate attack to hydrated cement paste [Mehta,

1993].
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All glass fibre composite strengthened and un-strengthened RC beams were subjected to
three point bending test. The MTS 810 tension and compression testing machine with a pre-
designed fixture was used in the test. The loading rate was set as 0.2 mm/min. The experi-
ment set up for strengthened RC beam and testing specimens are shown in Fig. 7.6 and 7.7,

respectively.

Figure 7.6 Experiment set up for three point bending test for composite strengthened RC
beams.

Figure 7.7 All submerged RC concrete specimens prepared for testing.
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7.3 Results and Discussions

The experimental results for all strengthened and un-strengthened RC beams subjected to
three point bending test are shown in Fig. 7.8 to 7.12 and the result summary is listed in Ta-
bles 7.2 and 7.3. Fig. 7.13 shows the difference of all un-strengthened RC beams subjected

to three point bending load. The explanation of the plot in schematic form is shown in Fig.
7.14.

According to the result shown in the table, it is obviously indicated that the use of glass fi-
bre composite laminate for RC beam strengthening in different environmental conditions
can increase the maximum flexural load capacity of the beams, which are degraded after
being submerged in fresh water, saline solution, acidic and alkalic solutions. The maximum
flexural load denotes the load when a crack appeared at the tension surface of the beam. The
result clearly indicates that the decrease in flexural strength of the concrete in acids is se-
vere. The percentage reduction of the applied load carrying capacity is 24.8% compared to
the controlled beams, which were remained in room temperature (25°C) and humidity
(55%) conditions for six months. However, the results from other specimens show a slight

reduction in ultimate flexural load capacity.

Table 7.2a Experimental results (flexural load at crack formation) for the RC beams with-
out being strengthened by glass fibre composite.

Submerged PH | Samplel | Sample2 | Sample3 | Mean S.D.
solution Level Value
™) N) (N) (N) )
Nil (RT) — 3937 4010 3675 3874 176.1
Fresh water 7.0 3451 3624 3500 3525 63.17
Salty water 79 3848 4058 3557 3821 251.6
Alkaline 10.0 3573 3656 4230 3789 381.6
Acidic 4.0 2748 3068 2927 2914 160.4
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Table 7.2b Experimental results (flexural load at crack formation) for the RC beams after
being strengthened by glass fibre composite.

Submerged PH | Sample 1 | Sample 2 | Sample 3 | Mean S.D.
solution Level Value
N) N) MN) N) ™)
Nil (RT) - 4926 5013 5123 5020 98.73
Fresh water 7.0 4462 5165 4495 4707 396.6
Salty water 79 4500 4686 4754 4646 1314
Alkaline 10.0 4906 4786 4558 4750 176.7
Acidic 4.0 4644 4448 4937 4676 246.1

Table 7.3a Percentage increase in flexural load capacity of the beams after being sub-

merged into different solutions compared with those of the beams (PRC) in controlled room
temperature condition.

Submerged PH % increase of % increase of
solution Level | un-strengthened RC beams | strengthened RC beams
compared with PRC compared with PRC"
Nil (RT) —- 0.0 29.6
Fresh water 7.0 -9.0 215
Salty water 7.9 -14 19.9
Alkaline 10.0 -22 22.6
Acidic 4.0 -24.8 20.7

" PRC beam strengthened by glass fibre composite.

Table 7.3b Percentage increase in flexural load capacity of the beams with and without be-
ing strengthened by glass fibre composite after submerged into different solutions.

Submerged PH Un- Strengthened Percentage in-
solution Level | strengthened beam crease in flexural

condition load
Nil (RT) — 3874 5020 29.56
Fresh water 7.0 3525 4707 33.54
Salty water 79 3821 4646 21.61
Alkaline 10.0 3789 4750 25.35
Acidic 4.0 2914 4676 60.46
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Figure 7.8 Plot of flexural load versus mid-beam deflection of PRC beams subjected to

three point bending test. The beams with (top lines) and without (bottom lines) strengthen-
ing by glass fibre composite laminates.
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Figure 7.9 Plot of flexural load versus mid-beam deflection of RCH,O beams subjected to

three point bending test. The beams with (top lines) and without (bottom lines) strengthen-
ing by glass fibre composite laminates.
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Figure 7.10 Plot of flexural load versus mid-beam deflection of RCPH4 beams subjected to
three point bending test. The beams with (top lines) and without (bottom lines) strengthen-
ing by glass fibre composite laminates.
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Figure 7.11 Plot of flexural load versus mid-beam deflection of RCPH10 beams subjected
to three point bending test. The beams with (top lines) and without (bottom lines) strength-
ening by glass fibre composite laminates.
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Figure 7.12 Plot of flexural load versus mid-beam deflection of RCNaCl beams subjected
to three point bending test. The beams with (top lines) and without (bottom lines) strength-
ening by glass fibre composite laminates.
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Figure 7.13 Plot of applied load versus mid-beam deflection for all un-strengthened RC
beams subjected to three point bending load.
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Figure 7.14 Detailed explanation of composite-strengthened RC beam subjected to three
point bending load.

From the diagrams, it is clearly shown that the flexural load capacity for all composites
strengthened RC beams are increased substantially compared with those of the beams with-
out strengthening at the same ambient environments for six months. The load-deflection
curves for all RC beams are linearly increased followed by suddenly drop due to crack for-
mation on tension surface. Deflection is continuously increased with decreasing the applied
load, which is caused by the pull-out of embedded steel bar. However, this phenomenon is

different for the RC beams strengthened by glass fibre composite on the tension surface.

[nitially, the deflection of the strengthened RC beams is increased with increasing the ap-
plied load until crack appeares in the concrete. In this stage, the glass fibre composite is still
in perfect condition without any crack or debond observed. Cracks or damage in the com-
posite is occurred when further applying the deflection to the beams. The failure patterns of
the strengthened RC beams (RCNaCl) is shown in Fig. 7.15. Cracks in the glass fibre com-
posite laminates are found of two testing beams, which are shown in right hand side of the
diagram. Debonding occurs on the remained testing beams, which are still under steel pull-

out process. The failure modes are well merged to the experimental data shown in Fig. 7.12.

-
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Figure 7.15 Failure patterns of the testing beams RCNaCl strengthened by glass fibre com-
posite laminates.

The experimental results shows that the concrete is susceptible to acidic environment. The
reduction of flexural strength is 24.8% after being submerged into the solution with PH
level of +. For the other beams. which were submerged into the fresh water. saline solution
and alkaline solution. the reduction of flexural strengths is within 10%. However. it is ex-
cited that the tlexural strength of all degraded RC beams are increased to the points just
slightly below the strength value of the strengthened beam (strengthened PRC beam) with-
out degrading by ambient environment (refer to the Table 7.3a). This implies that the flex-
ural strength of the strengthened RC beam is dominated by the strength of the FRP materi-
als. The degradation of the concrete due to the chemical attack does not influence its flex-
ural strength significantly after strengthening by externally bonded glass ttbre composite
materials. However. these comments can only be applied to the type of resin-fibre svstem

used in present study.

Throughout the whole experiment. it is concluded that the flexural strength of the RC beams
strengthened by glass tibre composite laminates is increased compared with the RC beam
without strengthening in high moisture. alkaline and acidic environments. The flexural

strength of the RC beam is reduced significantly in acidic environment.

The ultimate flexural strengths measured at a point where a crack was initiated on the

beams. which have been submerged into the different chemical substances. are less than that
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of the beams stored in the controlled environment. These phenomena may be due to the
chemical effects of the submerging solutions on both the concrete and glass fibre composite
with. The effects on the concrete have been demonstrated in Fig. 7.13. Bradley et al. (1997)
addressed that the presence of moisture inside the composite would lessen the adhesion
between fibre and matrix such as glass and epoxy [Kaw, 1997]. However. the percentage
increases of ultimate flexural strength for all the testing beams after being strengthened are

more than 20%. All tested RC beams are shown in Fig. 7.16.

Figure 7.16 All rectangular RC beams after testing.

[t has been reported that E-glass is highly susceptible to an environment with high alkalin-
ity. The hydroxide ions (OH ) in an alkaline environment attack the primary component of
glass (silica or Si0,) and cause a break down in the Si-O-Si single bond forming the glass
molecular structure. The results in fiber corrosion and loss of strength. For the concrete
strengthening. E-glass fibers are protected by an alkaline-resistance epoxy matrix. All edges
of composite reinforcements are sealed-off by the matrix and no fibers are exposed to the
ar. Besides. the surface of the cured (dry) concrete is experienced in neutral pH level (~ pH
7). The use of E-glass/epoxy composites for concrete strengthening should not be degraded

by alkaline attack.
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CHAPTER 8

CONCLUDING REMARKS AND SUGGES-
TIONS FOR FUTURE STUDY

8.1 Conclusion

A comprehensive study on concrete rehabilitating and strain monitoring techniques by using
fibre reinforced plastic (FRP) materials and fibre-optic Bragg grating (FBG) sensors has
been conducted through many experimental works, theoretical and numerical analyses.
Laboratory-sized concrete cylinders and rectangular concrete beams were used for present
study. Glass fibre composite was used to strengthen concrete cylinders and beams by wrap-
ping around the circumference of the cylinder and bonding on the beam surfaces, respec-
tively. The mechanical responses of the structures subjected to various types of loading con-

ditions were investigated through standard laboratory tests.

Some un-measurable mechanical parameters such an adhesive shear and peel-off stresses in
composite strengthened concrete structures were investigated and interpreted by using linear
elastic theories. The results from the finite element method (FEM) explain several failure
phenomena and fracture problems of the structures. All predicted theoretical equations were
verified by the experimental validated FEM solutions. Based on the current research

achievements, several conclusions can be drawn in the following paragraphs.

Glass fibre composite wrapping is an effective solution to strengthen and restore the
strength of concrete cylinders. which are designed to endure compressive load with and

without crack formation. The ultimate load capacity of the concrete cylinder increases with
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increasing the number of composite wrapping layers and area. The strength of the compos-
ite-wrapped concrete cylinder increases with an increase of the stiffness as well by using
composite wrapping method. The composite wrap provides a strong bond between concrete
and composite laminate without slipping and debonding at failure condition. The load car-
rying capacity of the composite-wrapped structure is governed by the mechanical properties

of both the concrete and composite materials.

The axial deflection of the composite wrapped cylinder decreases as the modulus, thickness
and wrapping size of the composite materials are increased, and these bring higher wrapping
efficiency, nw. However, negative hoop stress and higher adhesive shear stress in the wrap-
ping sheet may be resulted in by using thick wrapping material with high modulus. The op-
timised bonding length of the wrapping sheet can be evaluated by using the method shown

in Fig. 4.21. The adhesive shear stress and axial stress of wrapping sheet can be determined
by Eqs.4.14 and 4.15.

Experimental results show that the flexural strengths of rectangular concrete beams
strengthened by glass fibre composite laminates in either bonding on the tension or shear
surfaces are increased compared to those of plain beam. Tension face strengthening method
gives substantial increase in flexural strength of the beam with notch formation. Direct hand
lay-up method gives higher flexural strength of the beam compared with pre-cured plate
bonding technique. Filling the epoxy inside the notch can increase the flexural load capacity
of the notched concrete beam. The epoxy can provide a strong bonding characteristic to both
notch inner surfaces. Therefore, to repair or rehabilitate damaged concrete structure, using
advanced composite materials as strengthening medium associated with resin injection

method in crack or damage zone can maximise the strengthening characteristic of the struc-

ture.

The maximum adhesive shear and peel-off stresses of the composite-bonded beam increase
with increasing the modulus and thickness of both strengthened plate and adhesive materials

while the stress transferring length is decreased. Failure in an adhesive layer may occur by
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using thick and high modulus composite plate for concrete strengthening. The adhesive
shear and pee-off stresses for the composite with different ply orientations can be estimated
by using the predicted theoretical equations shown in Egs.(5.63) and (5.28). Recent publica-
tions addressed that an externally bonded plate and concrete are normally separated as a unit
from underside of the main reinforcement in plate bonded RC beams [Raoof and Hassanen,
Aug. 2000]. A high adhesive peel-off stress induced due to the fault use of plate materials
may increases the risk of concrete spalling undereath the steel reinforcement of plate

strengthened RC beam significantly.

Stress intensity factor, K; of cracked concrete beam after being strengthened by externally
bonded plate on the beam tension surface is initially increased with increasing the crack-
depth ratio, a/h under same loading conditions. The K is then decreased from a critical a/h
value, which is dependent on the mechanical properties of both the concrete and externally
bonded plate to a negative value. The use of high modulus and thick materials as the plate to
strengthen cracked concrete beam would reduce the value of K| while the tension force in
the plate is increased. The K and the closing force in the plate can be evaluated by
Eqs.(5.74) and (5.79). However, the proposed method is valid only when the strengthening
system is satisfied to Eq.(5.81).

The flexural strengths of steel reinforced concrete (RC) beams are increased by bonding
glass fibre composite laminates on its tension surface after submerging the beams into fresh

water, seawater, alkaline and acidic solutions for six months of room temperature condition.

A 24.8% drop in flexural strength of the plain RC beams after being submerged into acidic
solution. The plain RC beams are less susceptible to the fresh water, seawater and alkaline
solution. The experimental results show that the composite strengthened RC beams. which
were stored in ambient environment gives a little high flexural strength compared to those
of all chemical attacked RC beams after strengthening. However. the overall performances
give more than 20% gain in flexural strengths compared to the beams without being

strengthened by glass fibre composites when stored in same chemical environments.
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Fibre-optic Bragg grating (FBG) sensor is able to measure strain locally for the composite
strengthened concrete structures by embedding the sensor either inside the concrete structure
or at the interface between the concrete surface and externally bonded composite laminates.
The use of embedded FBG sensor enable to detect debonds and surface crack on the con-
crete, and meaure true strain in real time where the externally bonded strain measuring de-

vices cannot measure accurately, particularly for a structure with a thick surface coverage

element.

Multiplexed FBG sensors enable to measure strains in different points of the structure by
using only single optical fibre. However, the signal from the sensor is lost when any one of

the sensors, which are located in the direction of the light source is damaged.

Sufficient embedding length of the embedded sensor is significant to avoid mis-
measurement, in which the grating is located at stress transferring region. The minimum fi-
bre embedding length can be determined by Eq.(6.40). The use of thick adhesive layer and
low modulus of fibre coating materials with a short embedding length is not encouraged for
fibre embedding system because the stress transferring length increases with increasing

thickness of adhesive layer and decreasing modulus of the coating material.

8.2 Suggestions for Future Study

[n the past three years, a comprehensive study in concrete rehabilitating and structural strain
monitoring techniques by using glass fibre composite materials and Fibre optic Bragg grat-
ing sensor has been addressed in this thesis. Due to the time limitation for completion of the
current research project, some of the problems arising from the size effects of concrete
structures, utilisation of different material as strengthening medium and in-depth study on

three faces strengthening technique for rectangular concrete structures have not been ad-
dressed in this thesis.
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Chapter 8 Concluding Remarks and Suggestions for Future Study

Extensive studies in finding out the optimised design for different composite-strengthening
systems are essential to determine minimum use of strengthening material with maximum
structural load bearing capacity, particularly in large scale concrete structure. The dynamics
responses for the composite-strengthened structure in sustaining seismic and fatigue loading

are essential for real-life applications.

In the future, investigation on composite strengthened steel reinforced concrete (RC) struc-
ture is important in real life structural applications. Study on steel pullout mechanism for
RC structure after being strengthened by different externally bonded materials is also im-
portant.

In-depth investigation on the use of optical fibre sensors as local or field strains measuring
devices still need more efforts to study its applicability and durability in harsh environ-
ments, such as chemical aggressive environments with different ambient temperature condi-
tions. The sensor arraying system to avoid mis-signalling due to the damage of one FBG

sensor along the optical fibre is also essential in further study.
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Abatract

The intzres of using fitre minforead plastic (FRP) marzrials in rehabilitating damaged consaete stucturas respectively has been mms:q
rapidly in recent yoars. [n this paper, tha stuctural behavlours of the glass—fibre componte pirengthensd concrete structures subjected I:uun_1-
axil compression and thee palit bending tesr are discusscd through srperimental shudies, Twa types of concrete gructure e usd in
peesent study, they are eoncree cylindsr snd rectangular concrete beam. Discussion on the environmental effects of compoyiic strengpthened
Teinforced concrete (RC) srectures i3 also eddressed. Eaperimenta] resulis show that the use of glasa—fibre composits wrap cab inereans the
load carrying capacity of the pluin concrete cylinders with and witheur noteh foroteton. The Sexum) load capacity of the soncrers: beam
incrcascs to mors than 5% by bonding 3 layers of gliss—flbre composite laminate on the beam tension sucfoce, Direst hand Ly 1p metbod
gives better strengtheuing chatacterists tn term of the uldmeate Azoural load comparcsd with p-sured plate bonding technique. The Aezural
strengths of composile stieagihened RC beams submerged inte different chemicais solution Tor sin months we increased comparsd with the
#C beama without strenpihening, The strength of the concrare stractuze is seniously sttacked by strong acids. € 2001 Blsevier Science Lid.

Al Aghts neserved.
Kepwordr, Glun—fibr reinfonced plasts:

L. Intraduction

En tecenr years, the demands of upgrading and rehabili-
tarimy cxisling concrete structurss have heen growinp
mpidly The continung deterioraiion of the world™s civil
conerele shustares due fo agsing and comogicn of mesl
reinforcements bighiights the urgent nocd for the cffeclive
rchabitilabon techmigues in tenms of low costs and fast
processing 1ime with minimizing the Gme for traffic inter-
ruption. In some developing countries, the needs on repla-
ving wnd strengthening the concrete structures are also
increased due to the considerable increase in taffic volume,
which is beyond the otiginal desipn 1imit |1-2].

Fibre reinforced plastic (FRF) has besn recognised as o
one of the most innovative materiale in the applications
ranging fram the acrospece mdustry o prevaleol sport
goids and facilities for more than 30 years, Tt has baen
demonsrated that the FRP could be used suceessfully o
repluce corventional materials for most primary structural
elamants in modem airereft with safc and durebilicy [3].
Unfortunatety, the adopticn of the FRP in civil construction
gide ig U1l enited op-to-date. The senoos concemns regard-

* Correspondiog awthor, Tel: +B52-2766-0663; fu: © B52-1365-4703,
E menl actdraer: aena lnuchou@oelyo el bk (Lo Zhgup

ing the wse of the FRF as reinforcements or substituies for
concrete structurcs arc lack of experimental history, infer-
natienal desipn code and recognised specifications, and
economics rcleted io febncaticn [4].

The use of the FRP in the applicatinne of concrete rchabi-
litation has been wecognised as an innowadive technelogy.
When the FRF plate with high tensile sirenpth properties
bemnds on the concrete gurface, it can sirengthen the stuelune
with minitnum changes of weight and dimensien. The FRP
pffers substantial impravements in salving many practical
problems that conventional meterial vennot be setiled 1o
provide a satisfactory service life of the sructume. Unlike the
conventional stecl materials, the FRP huve betier cormosion
resistant property [5—6). The beneficial chamctenstics of
uzing the FRF in concrete construction include its high
swength-to-weight ratio, low labour intcnsive, casy W
perform, beas raffic interruption during nepair, vust reductions
i buth {rosportation @kl in sito maintenatés in Tong term
strategy. Recently, researches in the application of using the
FRF plete for stengthening deterieraled, deficient, and some
damaged concrete struchuras have been gained mapidly o
Hurope, Asia and Morth America | 7—11). Therefuns, applying
this mateciz] i infrastrocture applicsdion is becoming more
and more important o extend the service life of the civil
conslnuction (aeilitics into 1he 1weoly-first century.

12208 36891/5 - gre fronr mamer © 2001 Elscvizr Soicnee Led, Al nghts reszirecd
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1. Experimental procedurs
The expenimanta! procedurs consisled of the examinaton

of the quality of cancerere constituent, specimen fzbrications
and mechanical properties tests. Two different bypes of

Table ¥

Ko Lo Loy, Zhow / Compaginers Pt B 12 (2000) 251}

coTCTER: FEOMEMEs wers used in present sdy, tey wers
coacrete eylmder and rectmgubir concrete beam with and
without ootch Formation. All e conercte cylinders and
boams were mubjected w uni-axial compression and three-
point bending teis after mrenpthening by plasm—Bhre
comporie laminates, respectively. In the inidarfon, the
quality of the concrelt constibucmts was justified Grough
the xieve analysis test according 1o ASTM T 136 in order
o depermine the particle sizr distribution, and the roull is
lizied in Table. 1. According wo the resule showed n te
takle, it is found that the persenages of the particles passing
through different size of sicves are wtisficd to the standard
MmEqUTement.

L. Detadl gf lext speciman

The conerste consists of Portland cement, fne {3and) and
coarse aggregarss and warsr. In some slouations, admixnuzs
is wied ta contml the e of chemical maction inside the
cancrele. [n the present study, mixture mtios of 1:1.5:3 in
concres and 0.5 i wster o cement wers used. All concrmte
specimens were cast in sandard seel movld and cured for
13 days, at 25°C with [30% humidity condition for comple-
tion of the hydration process. The dimensions of the
concrem cylinder and retangular Deams ame 100 mm in
diamcter and 230 in height, and 154 mm in squars and
508 mm in length, respechively. Notches were made for
same specimens in order 1o pretend damaged structurss
for repair.

2.2, Conterete-wroppad concreee cylinders

A ol of 2T concrere ¢ylinders were made, Two types of
specimeny were wsed, they are plain and norched concrene

Demuls of all testing concrees cylinders (W, corrpomie wrapped concrer: NC, actehed conene: CWHE, cotrperils arapped nodcheyd coneTeH

Spocunen cods

Cylincher oype Wexppmg laper 12 Bonding ltggth (matr Bonding pacem
BC Plain - - Nil
CWEa00-1 [ 200 il
W2 I m Fully covertd the whale
crrumfareter of the oylinger
W03 ¥ Limy ? i
CWwi50-) Flua 3 150 Patthy covened the
nreanlerener of dye cyfinder
CW50-5 1} B
CWCI56-10 ) [5G
NC100 Mexched - . -
CWHTI0-15 [% L] [ Firse e {ayers:
Lm0 mm 4= 1607
Ei The seoond fout Liyers
E =75 rom, #m I8
i The dhied forer yeec
L = St mem, B = 200"
i Thed fonor Brpere

LalSmm d=106
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Fig | Schomade dagum of e plm and mocbad cooeree o7 lindery
Wraped by platn— Bhwe cowifweice

cylinders. For the natehed concrets cylmder. & potch was cut
in notch to diameter ealio of 0.2 ot the mid-height of the
cylinder and i the dircetion perpendicutar o the beum axial
axis. Balaned type (0907 gho-fhr commmite mi-
pithes were wsed (o lay-up directly on the circumfersnce of
the concrete surface ta activate the congmaine 1tign when
the conereic ia subjectsd o comprestion jord Sand blasting
and vacuuming were required on all bonding surfaces in
arder o remove unbonded pardeles and duss. The compo-
3itz lay-up process was parformed aftsr 38 days of curing of
the comerete. All wrapped copcrete cylingaus wes then
subjected o oni-axial compression wer, Surfice mounted
strain gAUEEE ware used In mearw sE3i0 in both te long-
tmdinal {loading) and a1eral (hoop) dincrfons, Three iden-

tical testing specimens were wsed For sach fndividual e,
i.p. ypecimens oot made at the xme day and conmnflad
environment. The mechamcnl progerties of the glaor-fbe
compoaites and comerets wsed m e proscot study we lised
in Tablz 1 The configwations of the composite wTapped
concret cytindirs ace summarissd i Table 3 Fig | o
oatex ehemaric diggrame of the lain 2nd poched conoreis
cylinders wrapped by glass—Ehre composiis lammates on its
cirumfersncex. The CONTROLS 50-C4330 commpression-
wating marhing was used to conduct the test A loading iz
of 200 kPa/min was & and all dota were recdmf up to
maximum pad vahae

2.3 Composite-bonded concreee beams

A wmal of 54 revtangular concrete beams wore made for
the three point bending (st Three standand sizc stecl
moulds were wsad to manufasture the concrete boams. The
following Five defferent typos of beam configuration were
tested in the stidy:

{0} piain recangular congrete beam;

[2) nawched concreie baam;

(3) plain concreme beam strengthensd by plass—fibe
oMt

(4} oocchud concrete beam with pre-Glled coay wsin
inaide the nerch;

(5] speginmny Same as in (4) strengthencd by glass—hbre
composie

All the cancrets betud ware then subjected @ the cres
point bending tost in order to investigate their mechan e

Tubk
Descrmonm af all wemng bk for duve oot bereding best
Cade Type of conrmes: Deonding methat wa of bt Bonding length
e laye [mnznom)

M Pl o - - -
AL Tereon szfass 5 3 Ta

-t piie

bondieg)
ol ] L] L] 152
PCILIG ] 12 L2
POALY Ll 3 Th
POBLA & ] 152
PCELLD ] 0 L
PCIOLT [ 3 T8
PLIOLE i} ] 152
FCIOL1D [iH] L] 254
BOLLIOM Flan Hand ley-itp 1 1] pL
NC Natched - - . -
NCF ok Bl by - -

Epary mmun
NCFILTIE" Tenshan qufua 1 1] Al
NCFALTIA" Tension sarkcs 2 L g
HOFILS[4-W Shear aofaces 1 L] 436
NCFILS LB Thoar g 2 18 i1
wWCFAL e Threee fiem 4] ¥z

* ANl ghon fibre areTpores were Bidip direcy go ohs comoeis muGa anc sotche wers fille] b epory
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Fig. 2 Abbrevosnon of 3l wnng cylinders,

respenses aller strengthening. The mized concrers baams
wets Jomoulded after 29 h from the mezel mouids snd
plieed mside 3 tomperanrs comrallzd warsr bath for an
extro 28 doys for curing. Nowch was made [n soms concrels
beams o its (cnsion (hogam) surface by wsing bigh speed
vutting disc with = nach-ww-depdh rada of 9.2 m arder to
pretend dameged concrete Forucmure for rapsin. The width
af the potch was 2mm apwt from bath inner surfices,
Toml three idendical concoe beams were used for sach
individual e The evnfigurations of 2ll tagtity specimens
are summarised in Table 4 and the abbrevigtives of te
specimen code are illustrared o Fig. 2. The Sintech MTS

tensile and conspression toting machine with pre-desipped
supponting fixtore was used for three potor beading e A
foading raie was act a3 0.5 mm/min 1o the cenme of the
eam. The caperiment wct-up and achemaric ifluemration
fior all westingg beams wre shown o Figs. 3 and 4.

Two types of composite bonding method were ussd 1
strengthen the comotie beams, they are: (1} pre-cured
plaic bonding; and {2} direct hand lay-up wchniques as
tndicated to Table 4. Far the fAnt mathad, the pre-cured
Blaas—fibre composite plates were bonded on the concrete
surfaces by uxing gpoxy resin. Pragsure was applisd on the
surface of the bomded compasite plate i order 1o produce

Fread of tha conpesit: plkes (NCFSLIFY)

T nafier
Fmoyor Siemrlzm 2omxMien
hod-rwe [oyers: D0 e L6 w20 mmrSlSmm
Iaftwelomer [(Degnx ! f2mm 15 ooz 300 mm

hiar wiliy

Fig 1. Scheymoc diorabons e all muzsnular e wrengtherserd by gogs—Fve compaoes.
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Tl 4. Experimgnt st up for throe goini bending e,

v thin snd uniform adbesoee layer. Far the nocched
vancrate heams, nedch was pre-filled by epoxy renn and
reariuned i place For 49 B belore laymg-up the composite

aiminales

14, Enviconmertal offects feom ohentical grigeks

Sinee the FRP materials have been recopgnised as an inme-
vative malerial for concrete rehabiliiation wathoot suffering
fram corrosion like seal. However, the survivability of the
glass fitre cmnposie srenpthened stuchires mdifferent
chenical environments must be fnvestigated beflore bring-
mp this wodmology o orezl-life apphcationm. Gabedn | 120
Faund bt the enviromment attack on the conerele structures
cansiracied near offshore and clembcal enssion areas in
severe, For the Feglass-—cpoay composites alane, they ame
suffered vy mnistiare shsompdion and sesuliad in o reduction
o simenptl of the struciure [13-14]

in the present stsdy, the mechandcal performance of sieel
ictnforced (RCY concrete beams with and without streapth-
anng by glass- Gbre comprsihe laminates on s lension
wirface ailer submersing o difercisl chemical solubions
foor o mondbs wiese investipaied, The mixhere mtio of
comerete was [015:3 and the maximuam: apgregote size of
Lk i wias wsead i epkeimge the R benems. A sieel bar with o
dinisst=r of 6 mm was grebedded o the concrate heam
iulf aof the RC beams were sirengthened by teoe fnyers of

Fisntmsauudal iUC beam

shalmre e 115 7 |Cemeei sind agzregnie [Fam)
55wt
P l._.L_ , .- I.. -
]
125 mm i

Fmtedds? siee har with s diemeier of f e —

Iig. 3. Lrpemairy ol th KL e waed] i1 1he prciesl aaly

glnss=Fibre composie lammates o oo surface by dsing
iirect band lay-ap method i erder o compare ther
mechanionl response with the beams withoul sirenpgihening
ncler the saene ehemical environments. The bonding length
of the ploss-fibre compasite lunindles was $00 mm and
covered the whole width of the beam. The walises ol ihe
loaat wersus deflection of the beany were reconded automali-
cilly through the testimg machine

A potal of 24 BC beams were distriboted ovenly mio four
folvethylene [(PE) tanks, which contsined fresh waler,
sabite water, fliealine (pH 10} and avidic (pH 4} solutions
Another sty RC beans were sioved in labomtory  in
controlled emvironmend, 1.e. the n|:|_e||llu;1|:=. al fedi] e HHETTS
wid peroentage of modsture in air were 255 and B Talf
af the benms i each tank were sirengthened by glass—fibre
compeaiies while smother hali were remmimesd in plam siatos
All the RE beams were sored for sis months  befiore
performing the three poind bemdlimp exl A schematic
digram and photdgraphy of the RO beam asesl i the
present study @ shown m Figa 5 and 6 The abhreviabons
{er all the BC beams are Fsied in Toble 5

Fig & The T beaing subyisrped mis dilliness PE aiks with coeminme

dilleies chemicsl sodetong.
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RCHQ Fresh wamts -h
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1[I, Concreie-wrdpped concrene cylinders N
i

The experimental resulis for the plain and notched
concrete cybinders with and without wrapping by glass—
fibre composite sheers are hsted in Table 5. The rosults
indicats dat the ultimate compressive lozd of the compaosie
wrapped concrste cylinders increases with increasing the
numbet 0f wrapping layers and size. In Figz 7 and &
sombined curves far the cylinders with two diferent wiap-
ping \ongths ere shown. From the figurs, they obviausly
show thar e smength of the compasite wrapped concretc
cylinders increases wilh the increase of the stiffncts as well
compared with the plain concrere cylinder. The load swrain
relationship i hoop direcrion was found similarty and
remained approximarely unchanged in load up w 75% of
its ultimate load value. Hawever, the divergence of the
results was found when further increasing the compression
lcad, it was suspecied that micro-cracks and debonds
between Coment and agpregales wers inftiaed.

The results alaa show that the cylinder with a larger wrap-
ping length gives higher uldmate compressive sivength than
that the cylinder with a shoctcr oge. The ulimare compros-
sive smength of the cylinder with 10 layer of composite
wrap and bendicg length of 130 mm is just similor 10 he
cylinder with three (ayers of compusite winp and bonding
length of 200 mm

In Fig. 9, failed cylindess with inz fayer of glass-fihee

Fizg 1. Load-deffenon corve 4l compadie-wrapped comerwis el
anth & bonding henpeh of 150 mm-

composite wiap dfter performing the compression e are
shiown. Several visible while shallows, which might be due
to the formation of cracks on the concrcte surface, wers
gierved i the experiment. Sphit-off failures were rsulted
for all westing cylinders, crack in the wiapping sheet was
initiated at the middle region of the cylinder with a thin
composits wrap. However, erack was started at both eads
of the wrapping sbeet for the cylinder with a thick compo-
gilz weap. Lau et al, [L5] found that high hoop sress in
wrapping tzaterial is remmlted when using high modulus
and thick wrapping malerial for concrete comfinement.
The failure modes foe the cylinders with 10 layers of compo-
site wrap are shown in Fig. 10, no debond and siip at the
inerfice of bond were found. The concretz was still bonded
well on the wrapping composite materil. The ultimate
lomds of ke motched comerete cylinders with 2nd widiout
wripping by glam—fbre composite laminates are 331 and
431 kN, respectively, as indicated in Table 6. The results
show that the ylfmate comproxsion load of the notwhed
cunerete cylinder after wrapping by glass-fibre compasile
increases to 31 and 11% compared to itz ongingl aciched
and plain siatus. respenively.

Tabk &
The aveage tlomar comprossive o of a ewiog oylnde 500 i I 1
. . q

Spacinen ofpe W apping kngel (200 mm) " -wj:

Mexn (kN} SD (Y 3 -
Plain coaemtr cylindsr 3 100 |l i '
PC 1911 Tk g0 ; - T
Campunir writgied concrete cviimder -E 100 i . .
CWCI0-1 L1 5 & e : .
W02 43333 3 gl : :
CWC20-] HE56 18 S L T !
CWCI5-3 3108 1417 i '| l l
CWLISS 416 T )
CWCLN- 10 372 432 -00H] -S0G0 30 2000 1000 0 1000 D0 KM
Nomfe! conorere cylinder Strain
NC 1331 L ()
SO (0015 st 143 FE % Load-deflacton corre of e TIppad ConCTeR cylmRderT

with 3 bonding. =gk of 130 mm.
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Figg ¥ Falee nisdes of the conceeie cyiwdes ©WICT9- |

1 q .g:.-u_|----..r.--|'m|..|'. o conerete o

&1 the |'-.'ru-r|111-.:111.|.l rasilis are lsted in Table 7, 18 shows
that the wiimate fAexural srrengihs of oll compoaite-honded
concrele beams are snerezsed compared b e beam i plain
sAufus. A reduction of ihe flesuml] sirength of the notched
comende (M) heam o 22% compared with the beam wilh-
waat noich formation, A spoxy filled nolched concrete (MEF)
beam mivee 29% and (06% increass of the ulimals Aexural
strenedh companod o WO and I beams, respectively. Smoe
the concrete 15 3 low lenstle :fln'_"lg[h minserinl oy = 4 M Pa)
ihe epaxy inside the notch could sustzin the temsile sirength
musch higher than that the concrete matemal. 1 therefore
prabonpgs the maximam ollewable beam deflection as indi-
calol i Fig. 11, Unlike ihe notebed-eancreie beam, crack
wits initiated beside the notch region when the noich was
filled by egiony resin o Fig, 13, it js clearly observel thal
the crack was stared ur an adjacen repann of 1he noich
inimgth

Fot the beims bended with o leng compasite plite,
severil cracks wire found on the concrele lengion surface
anid Beneath the compesiie plaie when the masimsm flea

Table T
The ullimste Aewersd Inad of the compoete-banded reclanpuier beams

Specimei ode Elaaitimess Nevial boadl

Mean walis (M) I ikh)

Plpty concrers Apgme

. 1157 43
FEFLD W4 LINE ]
PCALS YhA% 4w
PL3LEE 11dd {1y
el 14.31 LElL
PLUBLS 1584 1 6%
FCRLIG 1710 0
PLIA 1133 |
P ILE 15, A LAtk
PLC IR 1532 | 18
PCE XL EGER 15 I 211
Neve sl comerete e

L1 1677 014
HOE 2T 150
HEFITL F1HI {5
WUFIT 6 Jiae 057
HOFERIA-W FLW L8]
HCFISI8-W IR 14h
M Fal LY EL | 1%

ural load resched its ultimate value. Figs. 12 ond 14 show
the failisre patieris of e tesied specnsiens PCILG and
PCIGES Tt s nhlm‘l.l.a!r showamn that debonds m madns apad
mirco-cracks an the concreie sarface appeared. Eveniually,
rupiure o the concrels e o the cruck mitation on the
concrete surface was resulted when further inereasing the
tnbd-beaim deflection,

The expenimendal resulis plso reveals that sheor faces
bonding methol becames lesa significance compared with
the beam strenpihening in tension surfnce i ferms of uln-
uuntz Rexural fowd capacity. Direct bard Lsy-up method ale
vy tele bealier ':rn-.'nglh.i:nmﬁ chameteristic than thai the pre-
gured plate bonding method. During the bonding process, i
wis townd had the composEte Inmimate could loy-up well

Fig 1. Feilery matidies of the conzrete oylindsy CWCTHR
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2 Falure petiemn ool the broen NCP, enickos inlbmizd beside Se noich

iteng the conbeur of the concrgie surface by usmg diea
haned lay-up bl T besndeng rn:||'|r:.r|'i:\. il the pre-
cared plste hiabding mcthnd are highly restricted by the

sltflnsis ol the cemposie pialg, wmds conlent on and

Fig 1T Faiitue peeson ol e beam PCELS, nisny siivill

chack m

camiear of the concreie surfaces, We found that porisal of
air wad irapped ot the inlerface bebween concrele surface
and extemally bonded pre-cured composite paich afier
consolidstion

Tl fmlure patiern of NCFELAFY as showed in Fig. 15
abivws 1hmi the use of thick composiie plate would mdwsce
niph adhesive peel-off and shear siressces of the plate bondesd
ciaeiele sbruciure. Talpsen | 16] bas develaped o theoretical
modal o explain the cffects on plate (heckmess lor boum
strengthening. He potmied out thar both the plate modulus
nndl thickmess would mfluence the mugniodes of e maxi
imum shcas and peel-off stresses in on adhesive layer, and
ihe high siress gomes @re clssed 1o the plaie end regaen

CIne majer concem in compasite plale bomded concrele
structute |3 the allowable shear stress in the cancrete mate-
nal. The faflare pottern of PCLOLY specamen (Fig [6)
reveals that the use of theck composiie plale may ot heneli
io the whole sirengihening system. The ultimate lond copa-
gity of the strenpthened structune i dominited by the allow
ahle fensileé and shear siresses in concrele miterinl mther
ihan the tengile n'rrl:rrlglhi:ninp: capocily of the extermally
bonded compossie materials

L1 Envirommendel effecty from chendool mneics

The c:p»:rim:n.ml results are summansed in Takle E 1t s
cooviously showed thot the use of glass—hbre compozite
lamminate for sirengthenmg the BC beams in different ehema-
chl envirotmments cin inerease the maximum Noxural Doad
copncily of the beama, which oe degmded wunder ihe
submersion of water, saling, alkaline and ncidie solutions
The maximum fesoral lood denotes 2 load where a erack i
appeared op the tengion surface of the RO beam, The resuabi
clearly demonstrtiés that the cancrete s suscoplible o
actilit enviranment. The resluction of the fexuml strength
af the BT beam o 24 8% afier submerged mio the aoluton
with & pH level of 4 for six months, However, for the other
heamis, wherng were placed in high humadiny, salire water
arid alkalime soluthon conditinra found that the reductions of

vibrrs svsiem end on the eancigis aifaed we shown
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Fiy. 14. Failure ganemn of the beam PCI0LE. sveml oracks am piogiegetal fram the beacm al the hesin [while marks)

the flexurnl sirength e withae [(% Many chemdcal reacied
pertecles were appeared on the concreie surface when the
heames were placed insulme soluton. [n Faga: 17 and 08, ihe
eds of the B beamis svith ond without strempgthening by
glaza—tibre compoaites i ambieni ond acidio environments
are shivan, The firsi drop of the curve B due o creck snivia-
feen of the concrgte surface. Further merease af the applicd
loml with an increase of mid-beam deflection is due o the
emibedded sieel bar pull-oui action inside ihe concreie. The
photography of the fulure BOC beain is shown in Fig. 19,
However, il s excied that the flexumi] strength of all
depracled RO beams aller strenpthemng by exiermally
banded plass—fibre composte patch arg increagesd compared
i fhe RL boanes wath the same enviraamental eendition
The degradation of the concrele dise b chemical oitncks
dows vl inBuence g ficantly o i1s Rexweral sirepgih
asa-fibre composites. The ovemll
flexum] sirengthens of compesite stremgthened RO bemmns

aticr siremgthemng by

alier muhmerped into chemical solstions are alight lower
thar thai the strengihened BC beam in conolied ambient
envirommenl. This reduction of strenglh may due o the
itisiune absorpiion i composite matnx systern angd doprs-
datiom of concreie i coemecal subatance

4. Conclusions

In the present study, the mechamcal oehaviours of the
gomposle strengihened concrete sbruclures were invesli-
prfval through stondsrd  |sborsiory tesis. Two fvpes of
comcTohe peometry weng meeil, th ey were concrele cylimier
snad reciongular coperefe beam. The small-scale rectangular
R bieanis were alao used to investigute the dusabilily ol ihe
composite strengihencd BC beams in differemt chemical
envirnminenls, Throughow the resulis from all cxpermment
witths, severn| conclusiong can be dravwn ns follpws

Fig 1% Pevliol [mibwrr of the phais

mil mpmn Jor the e RCTBLIFY.
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neetirzil m e casermally bondod composds plets |
S0
I The ultimate compeesson lond capacity as well as siff- 41188
neas of coeiele oylimder increases with the wse of 5
commposte wrap lechnology, The percentage of the load j
capiity increases with morensing the number of wrap- b oy
ping layer and sice. B
2. The compressive sirenpth of the eonerede oylinder with - 200
the ime ol o dong honding lengtl and thin composie wiap
5 similar g that of dhe cylinder with a shor bopding e
length and thick compogile WTR[
A, The fesural strengils of tha rectnngiehir eoncrete heams
with mnd withousd notch formotion are inereased wilh the "
use of exiermally bonded glagss-fibre composite. The # 2 o a I L3 LA
shenr side strengihening method 5 less signifocant in S K e [
teren ol the Mesural fond capacity of the beam compared Fig 18: Lond deflection cumve for die RO béwes KOFHS with mesl wilhoul
wilh termion surface strengthening method shesgifictmy by phass—hre composiie

ekl &
Prpeiiniesml resibis al all BT lwmni stenpfhensld by plass—fibn composnies oficr sibmergieg. e @Mesent ehemical sohrtiors for six nuondla

Hitmmie fewiral b 1%
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g V¥ Failsre patierma of the [LC bovm RCNaU) rengilienad by pla-

Hhre cimeemiin

Humid lay-up ::':I|11||;|1,|.;- EIvEE beer wming char-
acteristic compaeed o precored plote bonding meibiod
The epuxy provides a srrong bond betwoen noich srfaces
of the itched concrete besm, The flexural strength of die
niched beam cnn be restored 1o the it original sintus by
filling up the cpoxy resin msdde the notch,

Thie streibpth of the concrete @5 highly utlluesced by ihe
acidic envitonmen: Howewer, the use of glazs—fibie
coetipesie for comorebe strengtheming can improve the
Fexural strength propertics of the degrmded RC struciures
1y st envisanmmenl
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Abspact

In this paper, the mechanica bekavioer of the componc-srermhened concrets sTucoued ks addnessad. Optical Mhre sensor praents a
great deat of povenrial in monitoing the souemnal healdh condidon of vl infrastucnure sements after strengthening by ext2rmally bonded
compasite mareriale, The use of smbedier speal fhre sensar fr ondn o temperature monitoning enables 1o reveal the safos of the
sompasits-srengrhenad smysagns i real-time remoely. In this paper, 30 experimental investigation oq the compogite-strengthened concrete
srucnpes with the embedment of bre-opnic Bragg grarng (FAG) smsors is pretenied Single- and muluplexsd-point strain measuring
tachniques were used (D meadure sTANS of the sTRCTres, Frequency modubired contingeus wave (FMOW) method was wed 1 ppstpure
straing in different points of the strociare with vsing only one single optical fhre. Al strains meksurnd From the sensers wers compansd 10
conventional surfice mounted srain gauges. Experimental rasulty show thot the use of the cmbedded FBG sonsor con mreasun sTwin
aceuratsly and provide infoemation o the operater thal the struckrs is subgected o debond or micro-crack fathoe, Multiplcaod FEKD airain
wnsors enable w measare st i diferent locanians by occupying gsly e Bny opncal fhre. Roduction of stenjpth io composite leminatr is
myulted iFthe embedded optcal fibre is aiigned perpeadiceler (o the Ioad-bearing direcrion of the roucnere, © 2081 Elsevier Science Lad. All

nighixs reservedl
Krywords: Optical Bk

[. Introduction

Cpuical Abres have been developed lor long-distance dats
mansmission in the telecommunications indusmy. However,
in their carfiest application, optcal fibre was conceived as a
medium for mansmission of light in medical endoseopy. The
use of gptcai fihrex for applicticns m the telecommuni-
cations industry sctually slared in te mid 19605, end
ever sice bas pooe through cemendous growih and
advancement, The development of opticl fibre yemmors
srterd in [9T7 even though some iyplard demonstrations
procecded this date f1-3]. The otoremeed e of advancad
composites in aeronaudes instigated the pesd for new
damage dereceion rechniques. which can moniter the integ-
nity of srustural companents during service period. There-
fore, the optcel fGlre soesors have been extensively
smploysd as mal-time damage detection tools in advanced
aireraft and space vehicies [4).

Recomtly, a strong demand on developing high porfomn-
anee stuctures, which are able 10 monitor the physical and

* Corespooding mehor, Tolo ~35-I760-6807: fior, ~357-206-7200,
E-man] wakiragr. mmbnchon@poiye s A | [.-m Foat)

mechaical propemies such a5 (mperature and strain during
servics condition is appreciated as 3 “Sman structural health
menilkeing systsm” [5). Fibre-optic Bragg grating {FBG)
sensar has been recognised as a new mon-destructive svalu-
ation (NOE} technigque w0 suit this purpass for afl stricural
applications [6,7). The speciality of usmg FEG senzor for
swain sensing application is thar it is able o measioe steain
lecally with high respfution and accuracy. As the physical
size of an optical fibre is extremely wmall compared with
ather smain measurfpg components, it epabless m
embedded into structuras for determining the strain distribu-
tion withaut influencing the mechanical properies of the
hurst materials [5.9].

Bewytimer-Marty [10] embedded the FEG smnor mio
glass figre compasiee Taminate o moniior themal and
residual srain properes during cering process in autaclave,
Lo ctal [I1] developed 2 single pitch FEG vensor for sor-
msion detection for structure served in harsh cavironmest.
Balamicarov pointed gut thar the FB(G seesar could be used
without suifaring creep problom in long term application
[12]. Moregver. he alzo found that the embedded sensor
could be musmined load in high alkz!ine environmeer with
e effect on the befmviour of measurement.

t3FT-0JGR UL - e Frune M & S0 oy et Cid Aub g e

P SI359-0368(00)00044-5
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Fig. |. FBG drawn mesqunng syaden,

[n this paper, experimental shudies on drain meastremEmS
wEmg crobedded FEG somors n mopomitr, concrete and
coftposite-strengthened concrele sruchues am presenied.
Toe machanical propendes of the composite laminates with
the embedment of optical Gbee ape firmly discusred through
thort beart shear and Bexural strength tests. The embedding
technique ofthe sensorinio conorete Struchur is alwd addsssd,
The FBG sensors were alsn embedded ing the composiie-
stempthened concree souchre ang locwed an the imerface
between comerete surfice and extemaily bouded composites
for soain meagirereng Extemally mounped swlin guges
were used to compare resuls measured from the sensors.

1. Principle of FBL: 1enzory
2.1, Smain mezsuraman:
FBG technplogy hag been discoversd by Hill et ol in

Instdemt UY o

4

onder

N

Zoo-arde
Ty

Frg. I Phpe ovelk techoqis.

1978 (7] It was found that the rflecive grabng coold be
phaotorefractively formed in the eore of gemanicm droped
silicate fibre. In general, the FBO system: is comprised of
broadband source (light emizzion device), coupler, opticai
spectrum zmalyzer {O5A} 2rd opdeel fibre with prewTitlen
grating sersors. For the strueturud strain moaitoring porpoase.
loagd is direcrly transfined foom hest material i: fbre cote of
the grating regicn by Lhe acrion of shear [13]. This muxes
the length of the graticg region to be changed znd the result-
ant refractive index of the core section o vary accondingly.
The mectanical propertes of the soecrura ars simply der-
mined by measuring the reflecred waveiength change from
the systam. En Fig |, a schematie illustration of the FBG
systent foc sirmin measgTment is shown. Gradng is wiinen
by sxposing tha fibre o a pair of stong Ulra-vialer (LY}
mterference signal. Thiy creates the grating in the core of the
opticat Abre, which acls essontiably av 8 wavelength sebect-
tve miror. This methed 10 write the gracdng in the opteal
fibre for sirain and temperature measurements is cailed FPhas
mask technique (Fig. 2.

When the light &5 illuminzied from the broadband source
via the counler, par of lighs is efecied back 1o he coupler
azd the reflectrd-wavelength i detected by the OSA as
indicated m Fig. 1. The strain variation in the grating regign
is simply determined by the reffecred wavelength shift from
the scnsor. According o Brage's lew, the reflectve wave-
[ength can ke defined as

by = et (L)
where A is the care reffacrive index and A is the spazial
mevicd of the index modulation. Any changes of the staim n
the grating region eesult in changing of spatial period and
core refractive index. The measurtmnent of the mechanical
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smrain (&= DL is determined by the vanadon of the taler Load appiied
Brapg wavelength (AAp) shift 1t hax Bern approved thar E Lot wgplied
the sensors give a linezr strain relaticaship to the refecied o 9 Oxiral Mbee
wavelangth shift from che sensor within the elastic defor- 4
mation limit pf'the Rbre {7). The change of the Bragg wave-
tength cn be expressed as E Ii“ihl i
1 [ i i 10 ey |
34 f A\ " . e > “ o Ginsslibre rosmpenite
= bmyma- “'“fpnfl ol + AT (D Longiudienl directem. Loweral dimction: vminae
B ————p —_—
where &, i3 the axial strain along the [cngthwise direction of Siaot baamy Flexoml
thc fbre. €; and &; are the principie stains m the cross- - ’:’H Imu
secticnal plane of the fbre core. & is the coefficient of both o | 12 120 e

the therme-optic fomponent and the thermal expanstvity of
the aptical Gbre, and has the omimal value of 6 10 7*FC,
£ and pyx ars thie phowgelastic coefficients. in normal, ihe

Fig- 5. Demuls of the compone beam B shaet beam shear and Besural
strmeth lests
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strmit fransfier to e fhre in transverss dirscrions is very
sl s wan be oeglecied in pezcnigal applicatioos [14].
Therefare. the tull equation for the Bragg wavelength shifl
v onsidenng dhe ottcts from thermal cxpemion and
micchanical swmim of the Gbes 3t the grutng e s
xproascd 19

Adg =K g + Agfpal 13

where &, isealled “Theoretical gauge constant™ {15}, which
can b determined experimentally, The sevond term i By
|3} represents dhe waveleneth shift due to the lemperutune
chomge i e system, which i5 normally wed in inspecting
the: menufaciring process of composie matwnals [16], Fur
the slica fbre. fhe wavclength —stmm seasilivicy of |33 pm
FBs tom been mocosured as LIS pmpe “ [|7).

22 Mulfhplering rechrgice

Ot of the mapor advanitoaes of unng the ¥ B sensor m
real e applicanons @ die abiity in measucny staans m
diffurent [ocarians alosg smuecture with eccupying only onc
dingle oprical fibee [14.18]. Thit wechnique o normally
calbed “Multpbexing™ or "Quaesi-distHibured” meumemene
Freguency medulated continuows wive | FMCWT 1echnigue
peserts i exeeflent wbility o metsere te snsin vanaton
Along o smgly cpvical fbm with more thees ooy sraling
sermor [19]. The FMICW ofems o owmber ol advaniges
vompured with the cummt multplexing wohpiguss sach
a5 wavcicogh division (DM and opiical bme-Jomm
rtectomery (OTDR)L Tymcolly, the maxsmoem oumbsr
i serin s thil car be mulbptesed by using WDk technigae
3 gboul 10-32. Besides. the QTDR dechnique mxuites
imecing a shor pulse of optiicel powat @ the opiocal
actowotk od wanmy tor scparahng pulse from each sewsor.
It verefors requires 2 relatively igh power i e pulse
AvACm 10 mainizn the same averags aprical power oo the
reczvinye onid By winy FMOW eechoigque, o enabies
producz wp o 2D pranng secsers ofonig the sople oprcal
tthre oF i ceflectivines of the votey ame comacthy chosen
clawever, the pewer requined iy comparabvely less than that
by usinet OTDR fof the swrwe mumbor of sensers used Fig 3
tlEustrabes the multplexed FAG sonsars amraving swatem b
using FEW demodufatng techmique.

The light signal lasnched from the broadband sowrce 35
oodulated 1 a trigngular chimped frequency carmer m the
FBG senmurs. The delayed fequency signal from each
individug! FBG scrmor is retumed o the mnable oprical
filler (T ond the phatdetector. The detectar aotpuc is

Fig 8. Crogseenoml ricwr nil comrporule oo wul a0 onbsalment of
wpmaal fikee
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Fig. 4. Restles frora the sctuor calibranen o,

clectricaily mixed with a reference chirp signal from the
voltage-vonteelled  oscillabar (VOO). which prodeces a
beat frequency associsted with each sensgr slernent. The
magnimges of the bear signals are pmpormonal w the con-
volution of the individoa! grmting reflection and the trans-
missian specoums of the funable filker.
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Frg. 1 Tvpes ar comerene cylinder For umi-tensl compmaaon. e

The eat sigmals can be vigwed by using an elsctrical
spectrum  analyser |ESAJL The amplirude (voltape)
meastred in the ESA can be converted to the comesponding
urn (¢} of the zratng. The principie of operativn af the
FMWCW wechnique is illustrated in Fig. 4. The beat frequency
P sensqr can be exprissed as

; AT
L= o h
where £, 3 AT, and T denote the beat frequeacy, the chim
Frquency exeursion. the optical delay irom the source to
dereetar for the sth sensor and the chirp period. respectively.
Two major feetors limit the sparial separation berween rwo
neighbounne FBG sensors. The Brst fctor 13 that the
separalion showld b loog croush o avoid the coherencee
nuise et oovurs, The second one i that the separation
Befwoe gratings most be fage enough w sepame the bee
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Tabds 2
Deatrepradis of ali esming cylinden

Specimoen wle ik rype
Ty Fan conmee cylindes
[T Camposne- erepped cylinder LEE
WM Cormpratic-wrapped eylinder IR ini
WA Composite-wrepped cylinder M0 pa
WSDNA Cermpesite- wenpped ssblchei Wancde
owlinder
7 {Cireidar sie=| plnie
k * = (hold the nylon in posstion)
Cylimdricsi sieal mosid
; o
b ! ¥ = Flexils frabber filbe
Likzing mgiom E -ll |
# | 1=
| L i
1.1 Oyptical-fibr=
¥ & ] ithandl grarsfg deghai )
¥ et
L} =g
LR o Gmring mgion
& . 'R o
Felicm girmig it r'
- I -
Fig. 11 Ugrcnl fhe =afallaixn feyvimnjue

Bmuling fength

Miietis of opocal fitex

Axiud
Al
Hoop
Axinl
Axinl

sipnals with their frequency different between sensors and
Earjper than the reanlistion of the spectal onalysis lechmiques

A, Stroin menanrement by using FAG sensors
A0, Nimple pranling e

1 1.1 Mechanical propersies of pluxs fitre composite with
thy embedment of apiical fikre

In ihe present shudy, the FBO sensors svefe [FTrt ]
measure strin for composite and camposite-strengiibened
colicrete structures, Since the diameter of the ophical fibre
{ = 280 um) is relatively small compared w the concrore
simicture, we can gassme thal the mechanical properties ol
the struciare woubd not be influenced by this tiny cenbadded
oplical ftbee, However, for the compasibe structure, which is
pencrally fabricated in & very thin cross-sectional form, the
influcsee e mechonienl strenpih of the stractute after
embedding the opbcal {ibre becomes sapmiticant,

2ok el soereie evlinder witl an emhrdmott SF FIEG sctaite def asd conmcton le coupler iight
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Frg- [3. Revourubar bemmns for Hoee mrmt bemding test.

[ I R

The short-beam shear amd fexural sorogth ests were
firstly performed o investipate the interlaminar shear and
fexural srengrh properies of compasie besms with the
anbaltent af optical kbre. The st ollowed the proge-
dures from the ASTH D 2334 and ASTM O790. A wtal of
L&l picces of esting specimen wers made end ben speci-
mens for sach individual test wers used ro ensure the relia-
biliry of the eeszing result. The apdo) fihres were oiigned in
both the tears lopgitedical and lateral dirsctions, aod
embedded in differmnz laminare layers for the wss. In Fig.
i, 3 schematic dizgram of the experiment ifjustration s
shown, The results om e sxpedment are listed n
Table . According tn dw msting results, it cbvivusly
shows thot tikere we poe sigrificant ¢ffects w the composite
structure when the apriczl fibre is embedded longiudinally
in serms of its short beam shear and Aexurzl semgths. The
rechuction of the Aexoral strength o 12% s resulted when
the opiival fibre is smbedded larerally ar she interfice
between the 157 and the Ind layers of the plass fibre com-
pastte Jaminate. This may be duc o the compressive buck-
ling a1 the wp lawer of the composite laminate which
weewred when the beam was subjected to bending laad,
restdring in 3 slight mduction in the short beam shear
strenth tor the composite with the embedment of cprical
fibre in the [ateraf dirscion, Fig. 4 shows a cross-secrional
view of the compasie plate with the embedment of the
apticzi fbee.

112 Cuirhrariar

A calibranon twst was performed to detcrmine the gauge
canstant wildue 25 indicated in Eq. (3 for the FBG smuin
measwing swstem Since afl ¢xperimenrs were conductcd

Fig. 14 Expermmenind sct oo I SR Aottt o oot me-beralcd comenen: eam,
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Compesite-yrrapped concrete cylinder

in emperatue cogttelled envitoninent, the themnal effect
could be neglscied in the smdy. & sandard dog bone
shape sieel plab: was wsed for a teasile sircoghh test Ao
aptical fibee with & grating was adbersd o ons side of the
sizet plate while strain gavge was bonded on 2nother xidz o
COMpare messuring paramelers. The grating aod totat
embedding lengths of the FBI sensor were 12 and
239 pun. respectively. The selected Brgg wavelength
usad was 1535 nm awd the [oss was [esz than 0.2 dB/cm
[20]. The spoctnom caphured from the G54 and experimen-
taf results during the text are plomed in Figs. 7 and 5. From
the figure, the vatue of ™' was calculated by fiting a curve
25 94755 nm . This fmpli=s thal cach %47.55 am ™' shift of
the rflective wavelength corresponds to 1% 107 stmain
change. Eq, (3} can be wrimen 25 the revarming form

& = MT554y - 147390745, (1]

143 Compasite-wrapped concrete cylindars

The FBG sensors were installed in various forms in
concrete cylinders with and withour wrapping by glass
fibre compasie laminates. Thess inciude: (1] embedded
into plain concrete cylinder (ntrinsically); (1) bonded at
th: nierface between concrebe sweface and glass Abre
composite lyminates in the directions pamile] nd perpen-
dicular w the 1xial axis of the composite-wrapped concrste
cylinder; (i) embedded into composite-wrapped notched
voncrete cylinder and [ocaled i front of be oolch-lip.
The schematic dizgram of the testing specimens and wxperi-
ment et up are illuseaeed in Figs. ¢ and 1, The FBG
sonsors were adhered oo the concicie sucface by using
epony adhesive and mmaingd in place for 24 b The glass
fibre compesite laminarss wers then hid-up directly on the
consTets surface. Surface mounizd strain gauges wore wed
to measure surfaer strans of Lhe wrapped concrete cylinder
and compar the resyks fom the internal mrain measured by

Compasite-

Fig |T. Compmic strenptivenerf. mocretr e{inder ond beam @b the imtalatom of molupleasd FBCG wimos,
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Fig. 1. "uscgraply of the cimmpeaiic -lnmded comcidte e for firmn meanermoerd

the cmbedded FBG sensor. The descophions of all the test-
mg cylinders are hsed in Table 3

To avedd domage of the fibre seasor during homdling ond
mauldusg provesses, b special supporting fotee o alizning
and reinforcmy the senser & miroduced. Thin and toagh
nylon sering was wsed looalign and guide the oplical fibre
i hine parallel 1o e Bzad direciion, Bokh ends of the senson
were suck on the stng by wsing epoiy sdhesive. High
lexalshe rulber ubes wene ased to protect the lae at both

nermee and exil locations of the conerete cylinder 1o mini

mise the risk of fivee breakage due b the farmation al shamp
arning, or odher unexpected damage during mouldmg ond
di-mpsidding processes, An illustraton of the optical fbe
instnllation techmges and o photograpk of the neiched
coiciele eylinder with the optical fihee befare laying-up
the conmposites are shawm m Figs 1] and 12

il Comparsirg-bepnded concrele wamy
Three laboratory swee conceele heams with a notch fiar
madion on fension sierface weie sed in the present st
Cilass fihre compoaites were laid up dirgealy on the baams by
dsingg hund lmy-up method, FHG sensors were banded either
mn he tenmmn o lenden and shear sarfiees of the concres
ety before lmang up the composites. Detpiled informmation
vl sehematac illustration of the lestig specimens we hsled
in T'able Y and Fig 13 Al ihe beanisafier strengthening by
impisiie lomimadcs were then suhjected W threr pianl
sending st The strun measured foam the embedded
syl e extemnnily bonded strun pauges aoern
caided  simulinerusiy. The expenimenl sef-up for he

strain measmrement of the compesite-strengthened boam s
alsieni i Fig, 14, The FBG strain mcasarig system 13 sames
aq illusiration, which is shown i Fig 10 for the wiapped
comciels oylimdear

1.0 Multpleved gronipg senior

The FMOW techmigue was wsed to demodulate the
frequency megponse from mulbiplessd  grafoig  =enscrs
Three grateg ssisois wepe written inlo one sogle opbical
filsie b nienswre strains in differmt pointy of die siuctare
The separtaon of epch sensor was | m, which was for long
wufficient enmuph o aveded the ocourrence of colerenn noiss,

i

Hirmn i1
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{Furizen)], Dl anil seled Eses peesent rosull meaniieil Tham srad
wul PG sereeoy, respocimely
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which interferss the incoming responses from the sensors
inzide the fibre core. The FB(T stnsors were embedded inra
20 layers of balanced type gless Bire compostic boem with
1 fibre volume Facrion of 42%. The dimension of the
beam was D15 mm (length) X 266 mm (width} and 3.3 mm
(thickness), Two groting sensors were embedded ar the
interiaces berween the [st and fhe 2nd laver, and the 19th
and the 20th layer of glass fibre composite laminztes. A four
paint bending test was investigated o ohservy the responges
measured from the sensors. One gracng was ueeid as 1 meier-
ence duting mewsurenient Surface mounted sENL Eupss
were attached on the top and bottom surfaces of te compo-
stez tn compare regules from the embedded sensars. A high
rudiv frequency (RE)} spectrum znabyser of 30 He nesolution
and the rate of fregquency excursion S appoosimde 4 x
(D' Hz® was uscd i the smdy. The selectcd wavelenath
ad commponding beut fraginmicy i e expenment tur the
sensars 5, 5, and 5 were 1338 3, 158424 amd 155421 nm,
and 30. 75 and 105 kiHz. respectively. The beat frequencies
muasured in the experiment and the et of the measore-
ment are shown i Figs. 15 and 18, The sizain mssuied
from muitiplexed sensors gve a very good match with the
surfzce mounicy sirain gaupes, This implies chor the moki-
phexed sensors can be ussd with cunfidence.

The multiplexed seasors wers wsed [o mezsure strns for
compasite wrapped and bandud concrene smuctares whan
they were subfecied wo uni-axial compnsssion and throe-
point bending tests, respentivedy,

The cameren oy ligder was wiapped by fve lavers af glass
fibre composiic laminatey. A singhe opueal fbne with three
gruting scrsers was pre-adhored an the conerere surface,
Two snsers. 5 and S wers adhenad on the mnl-heghn of
the cviinder m bath langinafinal and henp diveenons
meusure stains. Glass fibe composite laminotes wens
then [aid up Jirectly un the oenorete sorface. Exiemalby
randed smain gaures were wied fo measure simins oo the
compasiic surface zrd at the <ame locanans 1hac the [onsety
were embedded.
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Fur the notched reciapgubar conerote beam, thees prating
wnsars were bemded on e concrete surfzee and at the
buttern edye and venire mgions. and at the nptch-tip of the
nutched concrete beam., The sensor 5, was located 31 mm
m front of the noch-np, which iv suspected to be highest
stress area for the notched-beam withoot sieagthening by
external reinforcement, S, was Jocated et the mid-beam
bottom sdee while 5 was ar the Bogom cenoe and in
frome of the notch mowh rergns. Senzars % and %, were
arraved senally inosingle optical fibre and in pomalivl with
the semsgr S The schematic Jizgrams of the composiis
wiapped conorete cylinder amd Bonded concrie beam
with the embedment of mulbplexed FEG scosom arc
shown ta Fig. 17 amd 13,

P 1 Vsl wion o the cempsitecaTappel conoretes erimses
Wit Sy Bt of M PR mmir
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4, Results and discassions

Initial calibraticns for the plain coperete cylinders with
and without wrapping by the glass fibre composice laminares
were performed. The grating sensors were located at the
mid-height of the cylinder with 2 depth of 20 mm measursd
from the cirqumference of the cylinder surface. The speci-
mens 9f CC-8 and WCC-8 were compressed ta 153 of the
uldmate load of the plain concrere cylinder for three
nepeated eycles. Surface mounted stram gauges were used
10 compare the results from the sengor. The experimenta
msults are shown in Flg. 1% The remults show that the
inttrnel compression straing measured (rom the embedded
sengor well agreed with the nrface mounted strain gauges a1
law loading mange,

The experimenta) resulty for the stmin measurement by
using single grating scnsor for the compesike-wrapped
conerete cylinders WICC-SH, WCC-5A and WCNC-54
arc shown in Figs. 20 and 21, Forihe plain concrets cytin-
ders, the compressive strains meanoed from the experiment
give consislent reading between the FRG scmsar and strain
Faupe when the compression load was applisd o 70% of its
ultimate load value, The madings am diverged when the
applicd load continuorsly increases. It i specutated that
the wripped concrete cylinder dewelops considerzbly more
cracks than thar for the un-wrapped concreme specimen,
pasticulardy on the concrete surface, whick is located inside
the wrapping region. However, the difference on the simin
readings from the FBEY sensor and straim gauge is fargs for
the composite-wrapped notched-concrete cyfinder a peak
load candition. [t was revealed tmr hiph stes was stlf
concentrated at the notch-tip, where & sensar was embedded
on the composite wrpped conereie cylinder. The propertiss
change in this high siomes concentration zone cannot be
directly measured through sxtemal strain measuring device.
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Fig. 34 Experimenn! et for 2 bearn S8-535.

[n Fig. 22, a cross-sectional vicw of the cempasite wrapped
conezzte cylinder with the cobedment of the FBG sensar is
showr.

The experimental meults of the strains mexsured fom the
FBG sensors and strain gauges of Lhe specimens 5B-51, 5B~
52 and SB-53 are plofted in Figs. 23 and 24. Accarding o
the figures, it is obwiously found that the strain oo the
concrete surface is always higher than that of the surface
strain of the composite material. The FEC sensor can moni-
tor the strain condidon of the concren and datect failure
carlier than the siain gauge, which is mounled on the
murface af the outer reinforeement. The reult of the beam
5B-81 shows the repaid change of strains when the load
is opplied beyond 13 KN, During the expetinwst, several
visible cracks and debonds were cbesrved at adjacent
areas near noich-montk when the load reached 30 kM. Due
ta the formation of crecks. where besides the [ocation of the
sensar and swain gauges, the soain relaxacion scourmed when
firther increzsing the 2pplisd ioad. However, this phenom-
enon may oot infwence the sitain on tie outer surface of the
composite lamitane. Therefors, the stmin measured from the
FBO sensor is much more sensitive o the surface crack af

s
L3 L &
. ._._q]}.a___._-;,/_'.’_._
L] H
- .\.‘_...._E_r
‘ i

e preaaiies Do kMG

TN ANG A e 0
Strai ipg|

K In0 oo

Fig 15, Expeemencal covmloy e cylinder with embedment of maloplesed
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conceeie and physical condition chanpe auch ae dehond of
an adhesive laver,

Fur the testing specimen with the embddment of ihe
mulbplexed FEUG  senscrs, the tesulls ame shown n
Figs. 25. 27, The expenimental result for the composite-
wrapped concrers eylinder shaws thet the difference of the
strin easyrement from the FBG sensors and strain gruges
increases with mereasing the applied compression load
beyond 250 kN, Thisx pleponenon implies that the avial
delormation in cencrete 15 larger than the ouler surface of
wrapping iamineles. The differences of the strain nyeasure-
wient bught be due to the exiztance nf cracks on the concrels
surface and hiph shear defemmation in composiie laminale
lsce Ftg, 2% However, the divergence of the regult
reasared i othe kewp dirceucn is relatively smakbl when
compared 3 lhe resufl in the axial directon since there 1=
no shear deformanien that exizted in the laters! directeon of
the wrappiog laminales,

Ia Figs. 26 and 27, they show that the difference af the
srrain measured by the cxtemelly bonded stuin gauges aod
embedded FBEG sensors increase with increasing the applied
lead, particulatly far the sensor % However, ar the ow
loading range, the slrain medsured from the sirisn gaug
and FBO senaors provide a linear load—stmaim relationship
and give pood agreement with sach ather m general. After
the load toadings to 23 kI, lee divergence of the sliado
visasuretEnts is pesulied Nowas Fand ih the experiment
that high seeasn (53HF ae) cocurmed when the toad was
applied to 77 kM. The signal fom the sensor 3. disappeaned
when funher increasing the applied Inad. T is suspected tha
ihe cphical fibre was broken. The sigeal received Tun e
Falleswing sensor, 5 was therefore [nst subsequently

Al the noteh-tn remion, the FBOG sonsor gave the strain
fesponse up b 31 5 k3. I was abserved rhat the debond at
thz inlerface botween the concrete and the compogite lami-
nabes wecared and extended rapidly towards te opposite
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direction of ihe applisd load. Shear cracking and peviuff
failure were found when the applicd kol meaclied 36,5 ki,
Fowever, the surface mounted strain gauge gave 4 siraum,
which was much smaller that than the reai strain measured
on the concreic murface by cintedded FBG sensor

5 Conrlasians

sirain meesurcments in compesite-bonded  conerete
structures by using fibre-optic Armgp pratitg (FT} sensors
wiore conducted experimentally. Singke and mullipheaed
gralimg sarsos wene gsed e the present study. Froquency
mncilared sontinonns wave (7MW} techrigus was uscd o
dermodulate the tesponse signals Gom the optical fibre with
mare than ane geating sensar Thraupbout the whole stady,
soveral conclusions can be drawm:

1. Fmhedded T3 sensors revealad the truc stram of
measurement in real line comopared wilh ealemally
bonded strain gavupe, perticelarly for a structure with
surface coverape reintorocment.

2, Dafferem embedding dirsction of eolival [ore may icflo-
cnce the mechanical propertics of the composite stmcture
with the embedment of opticat fivre sensor. Great reduc-
Lo o fleswnl steength of the camposite stiucture with

Izl AT i
thrx

i I8 Sehetnavd dhasmanen for coimposiie wiagped svlinder subnecoed 1o
el LorupEEsaL Loy
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the emnbedment of optical fibre, which odenis perpendi-
cularly o the load bearing direcrion.

3. Multiplexed FBG strain sensors eoable o measure straing
i different Iocations ar the me Ame with only using ome
single optical fibre. In high strain condibon, the proper-
tiey change at the adhesive layer cannor be depected
direetly from the surface zdbercd  srain-measuring
devices while the FBG sensors an provide important
signal to the ppemator.

4. The order and arvangement of the sonsors i3 mportant fore
multiplexed stRin measuring $ysiem sinee the sensor
may lost signal if any one of the sensors, which are
focated in the direchion from light source is broken.
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Strain monitoring in FRP laminates and concrete beams using FBG
SENSors

Kin-tak Lau?, Libo Yuan*, Li-min Zhou **, Jingshen Wu ®, Chung-ho Wao ?

* Deportment af Mechonteal Enqunesrury, The Hong Xong Polylechns: Enicersicy, Kowioan, Hang Kany
* Orparomen: of Mechaniea! Engurrrrmg, The Hong Karg tnmernty of Science and Tevhuology Homg Kang

Absrract

The fibrc-opic Bragg grating (FBC) sensor is broadly acsepled a3 2 swctural health monitering device for fibre refnforced
tastic- (FRE) materisls by either embedding ineo or bonding enio the strucrores. The serusacy of the smain measured by wing the
FBLG seasar is highiy dependent on the bonding characteristics among he bare oplical Shre, protective coating, adhesive layer and
host matcrial In general, the signal suraoted from the embodded FEG snsar should reflect the siraining condition of the hoat
stryeture. However, due o 1he cxiatence of an adhesive layer ood protestive copling, gart of the ansrgy would convert mto ther
defermation. Therefore, the mechanzzl propanies of these matcrzl woeld afect the rexultant strain missured by ambedding a
FBG seruor intn the structure. Thix paper presents 3 theoretical model w evaluats the differcotial straing becwean the bars fibec and
host malerai with different adhesive thickoess and medulus of the protective coating of the embedded FRG sensor. The seulls are
then compared with numerical znalysis by using the finite chement methad (FEMD. Eaprimental work was conducted for both glan
fibre composites and FRP strengthened concrete beams sith combedded FBG sensors. Externaily bonded srain gauges wore weed 1o
compare the rasulls oblgined from the FBG szrsors. The theoretical predictions reveal 1hat the axial sirain meaviered at e Ebre-
care region i lower than the irue strain of the host matcrial with increasing thickacs of adhesive Layer, A thick adhesive lnyer and
low modulus of ¢vating marerial would ealarge the shour sress concentralion ares at the bandad end pegion. An czpermental
investigation alsa shows that the FRG sousor can be confidendy used with suficent band length. @ 2000 Elsencr Saenee Lid, Afl

rights reyerved.

Keywond); Fitee-aptc Brgg grating: Strain savsmgg Fibre meinfoeced compites; Conerote nnuctan:

1. Introdoction

The fibre-optic Bragg grating (FRGY sensor has been
sntensively adapied ar a new non-destructve evaluadgn
{MDE} rechnique in monitering strain and Emperature
profiles of structures under service conditions [1). The
speciaiity of waing FBG sensor for strain sansing appli-
catlon is that it is able o measure strains loclly with
high resolution end accuracy. As the physical sizz of an
optical fibre i extremely small compared witk other
Sirlie mezsuring companents, it coables it o be am-
bedded into the strucrores for determiniog the stmin
distributions without influencing the mechanical prop-
¢rties of the hest materials [2]. Recont research IEpoTTs
showed that opticel fibre sensors could be efectively
used for damage detectivn and cure monitodng of ad-
vanced composite marerfals (ACM) ). Du e al [{4]

" Curvespondemg quikar. Tel: 48523766 5667 fax: +453. 23054703,
E-maf gddress: mmlmzhowmroiye, e bk (L4 Hhou;,

demonstrated that the FBG scnsor was capable of
measuting the strain at the inter-laminate layers of tex-
tie strucrural composite (TSC) beams. Hong ot al. [5}
also fuusnd that the straing could be remeeely real-time™
meastred by using the FBG sensing technique for
graphite—epoxy (GefEp) composite plate when subjocted
to = tenmle (oading. Recent researchers have soarted o
Py ao altention to the ur{lisation of FBG sensor in civil
canere structures. Sagpuma er 3l {§] and Hoitor {7]
adbered FBG sensors om o 2 reinforced stee] bar of
vast-in-place concrete structurss in order (o monitor the
strain responsc i .

In recent years, many moearch efforts have oconcen-
trated on using ACM for conercte rehahilitation and
remraflts (3-12). A kigh strength fbre reinforced plastic
{FRP) laminate has been adhered to the concrete surfare
in order o improve the stiffiies and tensile streagth of
damaged struceares. The aftrmction of wsing FRP in
the conmruction industry ix their high strength. low
weight. and resistance 1o corrosion and high fadgue [ife.

263222305 - e front matey € 200 Elrvier Sewnos Lid, All rights meserved
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Huowever, further inspection of the mechanical proper-
tirs of the strengthened strustires may oot be posaihle
amce the damaged surface is covered by an externally
bonded reinforced-laminate, Therefore, a pre-adhered
strain-ieasuring device on the damaged surfece before
matalling the FRP lamuiate is cssentizl, The FBG is ome
ul the most matare echnologies for the purpose of
manitaring surface sligin in order o pwarantes struc-
twial sufety, partroularly ar areas of high stress concen-
ranon

The precision of measurement asing the FBG strain
sensors 15 higldy dependenl oo the bonding character-
istics of the fihre core. profective coating, adhesive Yayer
and hest material, The principle of FOG rechnology is
e gauge the light reflective signal from the prating (the
region where the sensar is located} region when o is
subyocted toostrain. [bcabty. the embeddad sensor should
provede a straining signal that is equivalent ta the sirain
wf the boss srrecrure Hewever, the existence of an ad-
hesve layer gnd prolective coating abserbs part of co-
eIEy When the srewcture is under applied load. Theretars
the siring eapericnced by hast material aze not wholly
transterred 1o the bare fibre and some may be Jost
thicugh imicrface shear transfer within the proteeove
coating and adiiesive layer.

Ansarr et al. [13] and Duck et al. [14] proposed the-
orcticel models to invesnigare the mechanical load

ELLDNLLATHEN

L RATING SFENSTH

laddding

| ight i, b

Light reflected, Ir

Fibre core

Licht
<ignal

iransfer from the bare fibre to the host material. They
assiumed that the fibre (with coating) petfectly contacrad
with the hest material, The cffects penerated by the
thickness of an adhesive layer weie neglected.

In this paper, 2 theoretical mode] for the mechanical
load trapsfer from the host materisl 1o the hare fibrs i
addresicd by considenng the adhesive material thick-
ness. The pesulis are then compased with aumereal
analysis wsing the finitc clement mertod (FEM). Me.
chanical property tests were performed for both a glass
tibre comiposite plate and u strengthened cancrers heam
with cmbedded TBG sensors. The strains measuwred
from the FBG sensars were compared with that from
cxternally bonded strain gaoges.

i Principle of FBG scnsor

The basic principle of the FBC sensor 12 1o measuie
the changes in refective sipnal from the grating when il
is subjected to clongation or thermal defermation. Any
changes of the physical propertics at the erating remon
would influcnce the refiective indes (g} and the spatial
pitch . al the core scelion of the sonsor. & schemanc
Hlustration of the FBG strain aneasuring system s
shown in Fig. 1. Light is emitted from 2 broadbzod
sovrce {LEDY) to the grating via a 3-dB fiber optic eon-

_h [Light trarsmested, |

Crating

Ingear spmsirum

Tramanired specinam

T

Fafleted specirum

Fig. |. The FHG soun nussening SFSIEM.
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plez. The coupler aits as a ¥-type channel o guids che
cmissive light ro the FRG sensor and at the szme roe,
Euide che reflective signals back to the oprical spectoum
apalyser (O5A). The sensor ix basically formed by thyee
different materials, viz. the bare fibre, cladding and
profective coating. The fibre care is surrounded by di-
siecttic materials called “ciadding”, which are generally
mad# from silica glass. The refective index at the cled-
ding {n =143} & slighedy lower than the fibre oo
{r 2= i.46] ib order to sadsfy Spell’s Raw to produce the
total internal reflection in the core saction. However, the
mechanical properties of the fbee corr and cladding
material are he same. The outer shell called ~protective
coaking” is wscd to provide the fibre with mechanical
strength and prows she Abme fiom damage and mois-
ture absorption. The Brage wavelength (dg) thet o r=-
fzcted 21 the semsar is given by

g = Impd. {1}

whert A s the spacial phch (the distanes between each
writien gragdng), which changes with modolating serain
t the grating region. Fig. 3 shows the miecred spearum
of the fibre-Bragg gratiog mcorded by an OSA during
the cxperiment,

The refarionship betwern the eflecive Bragg wave-
Iengehs shift 1A%y} correpoading m the changes of strain
and remperatuee ot the gradog fegion (g} can be o=
preseed as

Adg = K Az + HAT i2]
in whivh
A = B + K [Tz — Loy, 13

where £, is calied the chearerical gauge constent. Tond §
rpresent the thermal expension and thermo-opdc co-

eficients, respectively. Any changes in the exscrnal pa-
rmeters of the sorrounding marerial would zlier the
ERGNE characteristes and resule in a shift of the re-
Rected Bragg wavchogth. X, can b expressed a5 a
fupction of the strain commns of the opric fite {g,,
and 512} and Peisson’s mdo {r)

K =dn rt “{;"’{Fu ~ gy — F11J}\|' . 4

It has been proved caperimentally thac che vatue of &,
far a silica fibre respoods limzarly if the dbre 5 loaded
within its elastic Yimit [15].

The suceessful implemencacion of the FAG sensor is
highly dependent on the bonding charaszeristics between
the sensor and host maserial. [n practics, the sirain
medsursd 3t the grating region (&) i nat identical 1o the
strain of the Dot maeerial {a,), ie.,

g =5, =]

whert ¢ is the rorificaton coefficient which is a function
of the netcrial properties and geometric fctors of the
adhesive, protecrive coating, bare fivre and hoit matc-
rials, [deally, the confficlent y becomss unity if ther are
no prolecrive coadng and adhesive layer betwesa he
bure fibre and the host materizl, The stoain measured
from the aprical fibee i§ identisal to the strain of the hos,
material if 3 perfect bood 5 assumed [16]). However.
cmbedding the bare optical Abre into the smucre i
imprastical since the barc fibre s cxtremely briwdle, It
requires protsction by ui catringic macsrial. [ndeed, for
Surface srrain measurenent, using an adhesive o hald
the senzor in place is inescagatle. The coacing and ad.
besive [ayet would absorb part of enerzy o catse sheay
deformations when load is applied to the stucture.
Ther=fore, the tesultant strain at the grating region may
not wuly reptesent the struin of the host materfal

3. Theoreticai spproach

Far the practical problern mentionsd abave, the
banding eharaeterisation at the interfaces berween the
host marerial and adbosive Layer, adhesive layer and
proeecave coating, aml protestive coating and bare fibre
{the aerual segment from that the strain s moasured)
wozld ipfluctee the tros serain measured from the £8G
sensor. The adhesive layer and the protective coating
would absorh part af energy xad shear deformarion
resules (131, Also, the rotal embedding length [20,) of the
fibes would affect the sccurncy of measurement using the
FBG scnsom becatse shear strous concentmtons exists
it thic fibre ends. Fig. 3 shows 1 (our-cylinder moded for
analysis of the scpess Transfer. A cyoss-scchon micros-
cop¥ gholograph of 3 st specimen is gven o e 4.
The loagitudinal axis ; represents the direction of the
applied load. Tramswerse direction r rcpresencs the
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interfaces berween the host materfal and adhosive layer
and between the adhesive layer and protective coating,
respectively. The symbols ry, £y, and r, represenc the
inner radius of the host material, the suter radii of the
protestive coating and bare fibee, respectively measured
from the centee of the fbre core. Axial toads are applied

0 the host material, adhesive layer, protective coating

and the bare fibre along model by My, N, M 2od N,

respectively. Becduse af the symmetry abour both r- and

-ames, oftly A quarter section of the cobedding fibre

syst=m is considersd for the strain analysis. A bypical

eomposite laminats with an embedded FBG sensor is
shown in Fig. 5. The followisg basic amumptions are
made (o simplify the case of current study:

1. Mechanieal bekaviour af the bare fibre, procective
coating, adhesive layer and host matcral are linear,
elastic and isotropic.

L All interfaces are perfectly bonded. Therefoce, the
displacement conditions are deseriberl by

sgfr.2) = wplr2b forr =y, (&)

uglr.z) =wirs) forr=n,
wiz) =
forram s,

dp{r.z} = wlr,2)

The relative dixplacements {J) of the adhesive mage-
ral and the procective coating due to shear defar-
macion ars giveq by

dulz) = wdrn. =) — wulrg sk ()

Folrl = uglr, =) —wplr. 50 (&)

Al the mid-beam megion (= =0), che strains for all
elements are mathematically identical, 1.,

ea{d.rf = Lil.rl = g(0. 1} = &{00r). {9}
3. No thermal load is zpplied in 1he system. The stzin
evaluared at the core mghon only tesponds the strain
indticed by the loed applicd axi@|ly.
By considering the foroe equilibrivm for an element af
the protective coanng in the loading direction shown in
Fig. 3. the shear stress in the protecting couting can be
approximately obtained by [13]

r
(= r) :"?:-mt:‘-r}- L ErE Fap- “ﬂ}

Similurly, the shear sress in (he adbesive material is
expressed by

12,7} =’$r.,¢:_r1, re $r <A {1}

The axial displacement of the host material can be ob-
tained by considering the condition of compadhility for
all eemenrs shown in g 2

() = da [2) + Fp{2) + uel), (12
in which the relative displacement of the adhmive layer
is determined by

bie) = -

4 ey

oz ridr K}

and the mlative displacement of the protective coating is
given by

) [ fre
dalz) =% f €z ridr. {14)
L1

For the host material 2nd the bam fibre, the axial dis-
placaments are given by

iZ] = u_%d: {5
ang
ozl
= —d- 1.
wi) , E, 13

The tensile foree of the fibre core @n be expressed as
Nz) = rig, = 2nr [ Toe(=. 7c)d2
1]
= Mg, — My ‘l Laplz rig) 2 (1n
wherm o, is the axial sress of the bare fibee at mid-bom

seetian {= = 0). Substivating Bqx. (133 [6) into Eq. (13}
vizlds the following mregral cquation:

JELITL fn
fu hd-_G.r"[hr“m r,

& w
e ey L
I G 'C.p{,—r.,}lll s Earl

x j; [d'._.:rr:—lm,, l r.;.[.;‘,r.,,}d.;'Tt
(18

By differentiating Bg. {18) and combining the compati-
bilicy condition (9}, the squation is simplified as
= {7 _ - [f 7
.E:._-J"“I ] -;F[q-,rmjld. : '-G—l[ﬂ. ;
ey (re )\ Smlnrg) (19
n e o=

Furcher, differentiating Eq. (12} givs

FJL;:—'-L} - -f::'l:“{:.n,j =0, 120]
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where

. .

t= ‘/Ec"z“ﬂpfgl] lo 'f"h'rfnp': — {rlplllr } tn [r,,_.fr,..']']
(21

The selution to Eq. (20) is given by

Taplz Fapd = €100t (A=) + Cusinh(is). I

Two wtkoowns ¢ and Cr are dereentined osing two
boundary conditions. The first boundary condition s
evaluared a1 = §, The axial load (M.} at the Bare fibre is
determined by the comparibilicy condition (Eq. (5)). The
strain of the Gbre care at the mid-beam region is equal wo
the mrain of the host rmaterial The sscond boundary
condition is evaluated ac the point, where the axial load
of the fibre cord is 2e10, ie.,

N0} m ol S and MiLe) =0, (23)
in which L is the distance measured fram the mid-beam
fz =0} 1o the point of zevo axial load of the fibee. Using
above boundary coaditions, the constants &) and ¢ are
obiained by

Tl
Isinh(ale)
Combining Eqs. (24) and {22) vields che fnal fortm of

shear stress distribution at the inlerface hetamen the
adhesive [ayer and procective coating

= and C:=0. {24}

Tl i

taplsrpl = Isiah{AL:}

Further. the axial stress of the bare fibre, &42), can be
deternined by substituting Eq. (15} into Eq. (1T}

L7 "

LA 5; "Ttm’
<

cosh [ &), (35}

-- smh {4z} {26}

Consndenng the compatibility condition (Eg. (%)}, the
axia stram, gz}, in the fibre ¢ore region is given by

o _ sinh {4z)
esl=g'l T {an

where g is the axial strain of the host marerial ar = =1.
From Eq. 127}, it is clearly shown that the somin dis-
tribution alang the axial directien s domimated by the
constant variable 4. This parameter is 2 function of the
material propertiss and #=ometric factors of the adhe-
sive [ayer. profective coating aed bare optical fibre. Any
tchunges of these propertizs and Fctor would influemes
the stress distribution at bonded ends due 10 the sxis-
lence of 3 hyperbolic function {sinh{i=)). Eq. (27) alsa
shows that the maximum soain of the fbre s equal o
the maximum strain of the host marerial ar = =1,

The axial strains of the bare optical fibrs along the
bomded length are plamed in Fig. 6 for the different
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Fg & Asm! arin of be e fbre apacor the divmnes metaored
from the tuds af grometey (= = 01 with difinenr: G embedding length;
thi modulus of the prosecove coacng (o) adlesive thaknees,

bonded fength (L) tensile moduli of the protective
coamng {£) amd thickness of the adhesive [ayer
(lo=m —rg). In Fig &, it is apparently demanseaned
whar i steady strein measuroment cxn be achieved ar the
fibre core region only when a [ung bonded kength is
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used. [n order to determine a rmasonuble embedded
optical fibre length, an approvimate method (error
% (%} is wsed 1o estimate the minimum fibre Bonded
lengh

N PO I VO
L —Ismh oo k(A (2%
where L mpresents the FBG sensor length.

In Fig. &fh) aod (), the axial strain of the hare fibre
for dilferent modull of protective coating mareral and
thickness of adhesive laver ate plomsd. The results in-
dicase that if 3 high modulus material is zsed a5 3 fbre
protective coatng and a thin adhesive layer s used as 2
boad interface laye. it réqiires a shorter foad transier
distancs to tansfer the load from the bost marterial o
the Abre core regon. Conversely, 2 longer distance is
required to mansfer all lozds to the Shre corc using o low
modilys material and thick adbesive layer. A large part
of the energy s converted into shear deformarions ar the
codting aod adhesive materials. The axizl shoar stresses
(taphz rap)) are showtt in Fig 7 for different adhesve
thickness. The shear stress concenmation at the boaded
eod region rapidly vamishes with increasing distanes
oward the mid-beam (z=0) region. The high shour
stress rEgipn reduses with decreaning thickmess of the
adhesive [ayer. However, the mmximum shear siress
Tplr rap} INCIEASES with moreasing adhesive thickmoss.
Increasing the chickness of the adhesive layer prolongs
the shear stress concentration region ar the honded end
regia.

I Eg. (28), it is abviously indicated that the maxi-
mum sirain of the fibee core (g ) at = =0 is same a5 the
strain measured ¢ the host meaterial (g,) due o the bsic
assumption (¥, = N, = 0). However, it may oot be rue
when a thicker adhesive layer is wsed. During the ad-
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Fig 7. Shear grmss agsinst the distioce mamsurod from (he 3z of
wymunetry (= = ) wrih tifferem adhoyive chickness,

hesion process, a thin adbesive layer cannat in general
be presisely controlled. The thickness of an adhesive
layer & nornlly beyond the desired limit. A thick
adhesive layer, in tore may take up part of the axis! Inad
from the host material, The strain measured from the
fibre core rgion is slightly e than the sirain of the host
r=ztenal, Therefore, Eq. (18) should be rewritten in the
following fomm:

&=Jlﬁrl—%l. (19}
where A is the fanstion of the material and geomeiric
consiats of the adhesive layer, protective caatiog, bare
fibre and host material. [t is 2ssumed that, a part of the
axizl lpad is taken up by an adhesive [ayer (). By
considering force equilibrium at mid-beam mgion (5=
0) and substiruring the compatibility condition (), the
maximum strain of the bare ¢pricat fbre ar the mid-
bearm region is abtained by
f =ty
X I -
{EufE. & EESR - i) ir, - &) + (R, - )]
(30}

whe® ra,y 15 the oulside radius of the host makerizl.
The solution from the propossd theorencal modsl =
verified by 3 FEM using the commercial package Mscf
Masttan, Six nade (Traiaé) elements were wsad to gen-
#rate meshes. Siboe the mode! is bi-symmetric about its
v and axes, only 3 quarter segment is considered. The
beundary conditions are ¢] _, = 0 2nd u|, =0, whers &
and ¢ arc the displacements along 7- and =dimcoons,
respectively, Details of the meckanice! and geametriml
properties are lised in Table T. The results evahzated
fruin Egs, (353, (38} and (307 are platted in Fig. 8. It s
shown that the theocetical solutions are in good agree-
ment with the FEM results. [n Fig. ${c), i is demon-
strated that the axal strain at the fibre core region

Tobic |

Mecharwa| and gegmetrical properizs
Doeietipstiatl Symbads Voo
Oameter of bare Ehee dm; e 125
Cuter diamster af’ protectine comtiog (gm)| fua i
Youre's modaior (I3Pa}
Fibre som E =2
Protective coatmg £ Gl
Adbesrer matoml E I3
Cancrere I s
Sheur paodiclus {37

Adhene maistm] G, 12
Pronecirve coating Gy a.937
Thickees of ant ddbesve larer (mm) f, 3l
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Fig- 8. The comparnon of Ko resufls between Use anafytical and FEM
waluthons for {2} Lha axial seeant o o bute Bbees | by 2hear anes ol the
prosctive Ccogldtg agumet the JElwoce meawsl fon the oo of
ammery (2 -0 o] the rebilive strain [gJe) sgRinst e adbeive
thicknan,

decrevess with incteasing thickness of adhesive Layer.
Eq. (30} v able 1o predict the difference of strain betwern
the fibre core and the host maverial for o specificd
thicktess of adhesive laver.

4. Experimicaial resnits
1.1 FRG wersnr colifemtion

Celibraton is generally peclormed through 2 cosie
test by adhering the sensor t0 a test voupon. The cali-
hration factar periaing 1o the slope of the lneer rla-
tionship between the FBG reflect wavelength shilt and
the straln measured by 3 conventional foll strain gavge.
Maar the sHait gaugs, an FBG sensor bas been adhersed
ter che centre of the 1est coupon with epoxy. The grating
lenprh of FBG sensor was 12 mm and the total em-
bedding kengeh vwas 235 ram. According to the theors:-
ical resuks, the coafficient 4 was calculated o be 600
m-', and the required minimun embedding length
evaluated from Eq. (28) was [9.67 mm, Therefiore, the
sensor shoeld provide the strain reading within the
siendy moasunng ropion as the strin cading would not
nflience by the bonded end shegr sires conccotration.
The shifta ol Shre Bragg grating reflective wavelengrh
peak and the corresponding srain were recarded by an
OSA and strain indicator, respetively during the ex-
periment. !o present study, the coefficient £, har beem
calibrated as 947.55 nm~ ard the result is ploted o
Fig. 9.

+.3, Glass fibve comporite laminate deflection expermients

FBG sensors were embedded into the 20 layers of
balaneed wpe plas-ibic composie lemmats. The
sensars wore focated at the intorfaces between first and
sccood layer and beoween 19th and 20th layer. A four-
pownt berding foet was performed o investigatc the
slrmin roponse measvred (tom the scmiors. Externat
bonded strain gaugey were used o compare the molix
from the FBG snsors. The testmg sciop and tesr conple

7« TS - 108

St oY)

Bragg wavelengil (um)

Fip W Phat uf teayitel deack agacist the Broge wavesnguh for te
ATECr wicd in b preseot gndy.
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ame showm e Figs 10 sl 1] achgen rively. A high fibre
wolume fracizan §» =4™% wie useil e edoce the ad-
Fismve Lhicksest werween the senscir and s surmoemniding
mmnaterial

The expermmenial resaliy for the stonn measused o
il FIECE eensors ond two vxicmal slinin ganges yersies

LIfTH

§ Lienl posgo
©

{rasi-sESlan ViEw

254 mim
- -

mid-bcam defiectson wee plotted m Fig |4 The pombive
porien fepressnt the iensile strmn meassared o 10w
bottois surface whils ibe nopative portion i SGEesE
atpmbiy meksured on the top surface o the sseeimen, Lk
sbrmirs mensured by the FECG semaet are ih gaod ogree
merit with that from the sorfoce bonded stram pouped

To pouples

= 10 1o

235 mm

30 |myers of gless fibre lainimate (1= 4.1%)
FEI; seniar ane locsied ¢ tie incerface helween

- L=t pinad Zned leyers
- Jugh 2nd 20tA 1H!||:r5-

Fig 18 Expermeerdl winp Ine sbe fous-peedl Tenddig el

Optical fibre (with FBG sensor)

Fig 11 Fhodeggrech of the jos= g aquple
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Fig. [1 Comparivie of (br straing mascusd by FBG wan ol
extamal booded tii gabiges

4.3. Test on sirengrhened notched-vonerete beam with ihe
ermbadded FAC sengar

The FHEG sensors were embodded at the intorfacs
betwezn & notehed-conenttc boam mofect and an ex-
ternally booded glass Gbic composite. The maximum
campressive aad Roxural steongths of the concrete wsed
in peescot cxpetiment were 49.9% and 4,16 MPa, e
spectively. The cooereic was mixed using an ageregate,
sand, coment and water o pre-det=rmined propordans.
The rctanpular boams wors formed By A 15214 =
152.4 3 500 mm' nee! meeld The curing period was 23
days for campledng che fll hydradon process in order
to achievs the mazimum conerete strepgth. The notch

Centre-point koad

{

Notch—

I Giﬂmﬁhuhmina/: %
ALl VA7
g BemAd  Smiasme Beam 6
[

Su.1.i.up1.1.;: p

=5

Adboive ayer FEG sencor

Fig [} cemanc Mostanon of the mmpetiz banded srocked-
COTECTELE AT btk the eobaddad FRCG weor

waa then made wy 2 nowch/depth o of 02 The man-
mmum Beeoral laads applied 10 the plain and notched
conercir beams were 115 and |7 kN, tespectively.

The glass fibre comporite was Laid-up on the ensile
ared shear surfaces of the beam ay shown in Fig. 17 in
order 1o incrmase lbe toosile strengrh of the mruemire,
The FBG sensors wore attached to the match-oip and
bottem of the bewm gt the mid-bram rgon befbre
laying-up the composite. The tatal embedding langrh
wizs 00 mun, which & barger than the minimum Eogth
cequired from Eq. (28] Strain paupes wers amched 1w
the surface of the compaosite 1o compare the results From
the subedded FBO semzom. Pressure was applied o all
bonding surfaces after laying the ghae fibre composice in
urder W redees the thidkmess of adhesive layer.

The experimental resnlts ara ploted fo Fig. 14. [t is
shown that differences bervsen the straie measured from
the FHG ssnsor and the externally boaded sirain gauges
increase with increasing the applied load. For the bam

0
g
315
1%
o I3
%
=5 4
g
- L
1d » Stain paoge
5 — FELT iyt
Q

2 W M0 1M X0 50 00 350 00 450 500

™ Strain (e)
&
35 L]
k1o
E 25
Z
- N
m
=1
- 14
'a i FE (G manaOr
LY r Siras game
1] —
g 35 K 75y wo g5 M 7MY B
(e Strain (105

Fig 14 The expefiment mumlls fire: (b beam A; Lb) beam B
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Fig 13 The flure mode of dx: oam A afier iosung

“A", rhe strain measured by che FBG sensar s higher
than the strain measyred by Feil stain gauge ac the
bottom tdge region. Small cucks and debond were
observed visibfy at the noich-mouath megion when the
igied was applied to 30 kN, As the crack was forming.
stratn relaxation oocyrred ac the regron where the sensor
wis embedded. Thereiore, the regression of strai 15
mdicared in the graph for further (acreasing the load
beyond I kN. This phenomensn cannot be precisely
wdicated by the externally boaded strun gauges.

Far the beam "B the FRP composins were banded
on both sides and bottom surface. The FBG sersor was
atached at the nowch-tp of the beam sfde as shown in
Fig. [} The strain measured by FEG sensor is 2o
higher thas the struin wiven by cerneily banded strin
Huge.

The fmlure profile of the beam “A™ s shown in
Fig. 15 U1 is apparently shown that the debonding and
cracks exist at the bottom surface. [t & suspected that
the micre-cracks ested on the concrate surfaoe amd
this could nat be roveaked by the esternally honded

sIfein Eauges.

3. Conclusiun

Em the presenc seudy, a theorencal model to interpret
the effects induced by adhesve chickness and proteciive-
voating meterial for embedded FBG sensors 15 present-
vd, [£ 18 found from the theoremsl analysis that shart
bonding denerhs infoence the final strin measurement

at the fibre-optic grating region. According ta the the-

aretica] predictions and experimental nsolts, severad

conciusons are summarnised as follows:

I. The use ol thick adhesive laver 2nd [ow moduius of

coating material with a shert cmbedding length of

sensor is nof encotraged for embedded FBG simin
wmsing sysiems because the maxioum shear stross

Tals Fp) amd shear stmss concentration region 1n-

crease with increasing thickness of adbisive leyer

and decreasing modulus of coating material.

Sulent embedding length of the sensor is cssenial

w avoid mis-mesarement wsing FBG stram sensors.

A minimum embedding kength can be cveluated by

using Eq. {18),

. Embedded FBG sensors can reveal the true strain ina
structure in real bime compared with exiemally bond-
wd strain-sensing devics, pacticelarly for a strecters,
which 5 ¢overed By ap externally bondad plate.

-
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Estimation of stress intensity factor {K\) for an
FRP bonded concrete beam using the
superposition method

K.-T. Lan*, 8.-G. Shi* and L.-M. Zhou*

The Hong Kong Pelytechric Unjversity

The deigrioration of civif concrele rrespuchones fes ereredsed drumaiicoily i recent years. The maporiy of recent
snudfiar ket fovured on the woe of Abre-reinforced plaxic (FAP) matenaly w crengohen or reinforee decayed
rorcrele siructierer By honding the FRP plate exémaliv dale the domgpe mrfave These shufies have concensmied
on the shear and peei-off effeves of the adhenive marevial rather thae the facfure meckgnitms of the concrete el
Hovwever, the sorese intencity facvon; Ky, at the crock-tip of the sirengrhened crucked concreie Souctures, sannor be
averfpoked. Nurrericel and experimntal fnvesiiganione Adve prace thar K of che strengrhaned structere i Aighly
influenced by the modufus and geometry of the rwinforced plete. Thergfove, ihe fieifure of the soremgthered 1pecimen
muy Be doe [ a Aigh Ky vafue in the concrete matertal In thin paper; o theorehical mode! ix propored to ergmars
e volue of Ky with diférent rebyfanced plare properdec for o soengthaned conemife Seamt using o fimgie
rperpaninion method. The resulls from the propated mdthod contpare swefl with [he aumerival mfifons abigined
Jrom the finite-clement medfod Both resufts show thar the sieosiniersy valve of the beam derreaser ar the
mpdiefus gnd thices af the reinforeed plaie increase. while the cloring force of the beam. induced by che
reinforced plate, increases.

Notakion friz] shape function for the beam subpected by the
pair af edge fOCes
a crack length for the canme-crack mode] Fuia) shape fimctron for the beam subjected to the
1l =) centre-paint leadiog
2. erack length for the sirengthened boun & depih of the beam
& plate widih for the cenme-rack model Kr  stress imensity factor in the concrete material

{b=Fk-a) duc (o the closmg foree, F,
¢ distance measurcd from the support 10 the platt  ,  grmcs intengity factor in the concres material

end due to centre-goint ioading, #
£ Young's modulus of the conct=re beam Kin  siecss imtensity factor in the strengthened con-
£ Young's modulus of the rinfireement crele beam
Fr  cension force in the remforcemont at MO-ICAM. £ fiemnce herween two SUpporting paints

region [x = 1} i hatf distance between twy supporting. pednts
F, renisile foree fom the c:nbedd:d reinforced sieel o cente-point load PROring

bar {Carpinien model)’ iy thickness of the remfarcement

Xy  dimance mexsured from the bomom of the beam

o ity neurrl axfs

mduius rotio (K, fEq}

TRXIMWT (nsie e i the renforeement
maximuwT oengile soess in the concreng
widsh of the beam

" Deparmment of Aacheaenl Erguoeeong, The Hoog Kong Pobricch-
g Ureversty, Humg Hom, Kowises, Hosg Koog.
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Law er af.

[ntrodaction

Fibre-rtinforved plastic (FRP) hes becn recopnized
23 2 new advancod omtrrinl  civil concrete rehabilia-
ton becaose of its high srengrh and st Mwess-to-weight
mto, mesance o comosion and substepdal fatigue
durabiliry compared with conventional matcrials. There
i5 an urgent meed 10 apply FRP material in real-life
applicetions sach 23 remoring the renmh of archaic
structures nytead of replacing them. Since concrete §5 2
low tensile srengrh marerial {ir is approximately one-
wemh of it uliaee compressive sirength), it requires
an extra reinforcing stroctwel momber (o overcome his
thirisic problom

Several studies have copcluded thar reinforced con-
crete {RC) beams cocld be upgroded by extemnally
bundin% FRF plats anto plain o cracked concrete sur-
faces.'™ These studies showed that the flexumal sTenpth
and fabgue life of tha plazeboaded beam were -
creased compared 1o its unstrengthened staus. Buyn-
kozturk and Heaving® found that the deflection of the
conertic beam aficr srengthening by the pos-tensioned
FRLP sheet wax also redured. The recent work done by
Amuini and Manni® proved thar using the FRP 25 2
reinforeed plate could frerease the wtrmte floomal
load-varrying capacity of a recangolar conerew beam
as well as its wiffoess. Toumi or 2" nd Xie and
Germle!! simulared the erack propagation of a boam
subjected to Threespoizt bending wathout strengthening
by an ouiomal retnforcemenc Unformnacely, these
theorerical predicrions canear be applivd w the bedm
after rehabilitation. Taljstea™ and Trianuatilion™ intre-
duced theoretical metheds for sobwing the smess pro-
blems of 3 plain concrate beam weth epoxy-banded
FRP somposites. They féuged on vhe cvaiuabon of
shear and pecloff snsecy of an adhesive material ac
the plate-end region. 7t was foumd thar the modulus,
thicknens and geemeoy of the remtoreed plate influ-
enge the maximum adhesive shear md pecl-otl stosscs
induced a1 the plate-eod region. Close 1o zem sreages
were ¢valiigd ar e region fimthest from the plate
end,

[y

Koy K,

However, if cacking exists at the mid-beam region
of the suenge, te mnsile stess of the plate caanot be
easily determnad by theories pertaining 1o beams with-
our eracking. Moreover, there is no cuvent closcd-form
solution for soiviog the value of the wres imenity
factor K, and tensile sregs in the minforced plase for
the cracked beam after swengrhwning Therefore, estab-
lishing 2 simple method 10 determine the vajue of K
for strengihened coneretc structurss s casental to pro-
vide 2 more cfficon: enginecring epprosch. This paper,
thcrefore, presoniy 3 superpasition method for evatuat-
g the vatue of K far the smengthened concrels heam
and the raxinom renstle stress in the reinforced plage,

Background

Although there have been pumenous studies con-
ducted oo cracking of conoete beums wath skl bar
reinforeament, et hax besn limited ressarch oo the
eraeking of candrate bedms strmgihened by 2n exter-
nally banded retnforcement. A medel for solving the
fracture problean of secl AC beans using be sy
position. mecthed was first proposed by Carpintei™
{Fig. 1} The wreo ineensiry oo, K, of the RC beam
was darermived by twvo independent fuctors

ta) the swess ipensity feror, K, dus 3¢ the foad P
applied av the middle of the cracked beam

(5] the srews mtemaity Geeror, Ke, duz o the wnsile
force F, {clesing foree) fiom the embedded rein-
forged steel bar,

However, £, was estimated from (ke ultimate tensile or
vield stresses of the steel bor, which omplies thar the
failure of the sucure is dominawed by the meel bar
ruher than the ¢onerere beamt imell, Sioce F, is an
assutred value znd not dicectly refated to the oxtermal
apptiml farce £ this mothod may not be prachable far
determining K amd F, a3 3 funchon of P,

A moenr impreved meds| asumed thar the strin i
finear along the depth of the RC boum and progortiooal
to the distance measored fom the beam reumal 2xis as

«

-—,
-~

Fig [ The LEFAF model extablivhed fy Crrpmeen for the BT beam ™

2
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show in Fig. 2% In this method, the crideal ek
lengib a. and the tenstic foree F, ere ot lly asammed.
F, and M can teo be compuced by tw iteration meth-
od oonl the woolis somerge. This improved  modest
prenvides a more realistle solution than the Carpintes
methodl Howewer. the nomenicel anaiysis verifies char
the strain distriburion along the depth of the cracked
R beam is nor linear . fovm, especially at the crach
section, Therefes, this improved model cannot be weed
o accurarsly predict che soesres of the soenghened
erpciied begm with exicmal eonforeed FRP plae,

[ realistic enginesying epplication, Ky is 2 factor
thet engineers shoukd take D accoome when Jesigning
and maintaining comerds stucterss, The shear 3nd
peel-ofT smeasas of the adhecive byer e noc s crifies |
bemuse there are many anchoring mochansms Tvail-
able for 2rtzching the plate whick are not poowe (o
peoliog. Comssgquenrly, the sTesess in the concrete
bearn and reinforesd plaieer become the major facion
in investipating the failure modes of the smucturs.
From this discuesion, e magninede of F. cannac be
foumd direetly by using e strain continuity method
Therefors, it is necessary ko develop 2 simpler and

Essimation of Ky firctar by quperporition metod

more convenient rribod © prodict the faifoe sres of
the mrenpgrhensad bear

The method

This peper mirodoces 1 simple method (or f2=rmin-
mg the simss mtensity (actor, K., of 2 metangular
orcked opcrow beam sreopbened by sxrermally
banding 2 plate on w the kgseon stz g 3 shows
3 diagrommaric reprecaitadon of 3 recrangular coocrses
beam with 2 crack of depth 2, o the mid-secdon. The
depth of the crack 5 assamed vniform throughont the
width, w. of the beam. The comporie piae i foed ™
the t=nsion surfece of (e benm by an adbesive maceral
with uniform whickness themughout the whole boading
lengh. The mechanical properdes of bath conerere and
extemally binded plawe ape fincir elaste. A perfiet
bond ar the interfice batwnen the condsetr and oho-
foreed plate 13 asmmmed—ihat is. dere B 0o crack
formaticn along the bonded mbertiee.

A superposicon medhed ® proposed o svahuaee che
wafue of K| o the crckip of the boam when it

I.'Mﬂ Frmimlasrmd B Hae dop
/-" Axtacy of o4 AC beam

F Y
> < -
[’ )
o
AN | A \ i
Fefz=n : .-l - —=r
| &

Dttt

A —

-

a=i

.
-

Fig. 4 Schemare mondel of a recttmpulnr cmcted sanerrre beam: eeemgrhemed v o erormally foadod ol
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subjecrzd o three-point bending. The method wears an
edge-crack problem as 2 centre crack in order o depsr-
wine the value of K, which camoot be dircthy solved
by ouistung clesadform solutions. Figs 4 and 5 give a
atep-iry-stcp illostration of the method wed in the pre-
st wudy. !t can be sparaled mto three wmgec sk
foilows.

(2} Dowomimetion of e st Ruction o7 with
mscpect to the materiai propertizs and peomermic
factars o both the concrens and reinforced plame
of the sirengibensd cricked beam o5 indicated in
Fig. 4. it ix sanomed thor the stro function along
the crack mrbice is the mme as thar decermined
fior the whole system,

{#) Ewvalumtion of Ky by meating the existing cdge-
crack problem as a eenfee crack since both cack
tpa have =m displacement coustring m the bezm
longimdingl direction. The soess Funcrion on the
crack surfics & determived from wage (o). Only
the crack Hp which is furthest from the plate is of
mieres—Lat i, point "A’ i Fig. 5.

(¢} Dewrminaton of plam normal foree, Foo The well-
known superposition method for estimating the
valur of Kp by detcrominiog e cotions of the
tenstle farce in the piare and bending moment of
the beam is iTtustratad in Fig 3.

The major focus of the present study is 1o eviluate
K\, in 2 crackod cocerets beam after stengthoning by
an externally bonded plaie oo the Emsion mrface. The
original edpe-crack problem of the beam is considered
3 an inaercrck problem after srengthening sinee

?}

e

both ends of the crek have o zoro-displacement char-
acicristic—bat is, the displacement st the crack dps
thc beam longitadinal direction ic equal to x=ro when
g =" The dresx dizriburion along the crack surface
can be estimarzsd by the superfmpositon methad given
by Rooke ef ol that is, the smess disrfbution along
the quek sofics s oqual to the derermined from fe
whele system  without crackipg within the region
—a % x % g mder the same bmding condition. Efect
arismg Eom the phis with diffent meschanical proper-
dexs m the beam under the ceote-point loadmg e
avercome by the stress funerfon esimamed fom the
same soengthened beam without crecking. Hiowever, 2
tip fpaint A"}, which is remole from the boundary of
the bond, is asromed o have no sgnificent nfiuence
T the stoess fnduced due e the bi-matsrial efest &t ke
banding region.
Serexr funeiion of @ soengchened conarele deam
withons ertoking

fn the fnidal sage, the sTess dicmibudon aicng the
centreline of the concrte stuenure withour cracking
ot with the oxtomally bomded renforeement. is ¢valo-
aed. Since the thicimess of the reinforecd plac &
nomally much smaller than the depth of the beam m
be reinforced, the miform axigl stain of G plaks i
1mmed through is thickness, r,. The rmess profilc
Uong the depth of the beam is linear The bomym
surface s wnder tensiom whils the ee sueface 5 o
compreasion. Since the bexm v symunetnezl abaut i
ceqtrne axis (F = 00, te shear deformation of an adhe-
sive material is theomtically equal to 2em at the cenme

SianE E Loahi
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e ey Y

e
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Fig 4 Sphemaiiv diogrom of (e superporniton mezhod fo imerpee] N reess dinribation lony the ek suroce
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Frg 5. Modef m rear o edpe-ormek protient of e e ook proddem o) ruperpoRimn mering for ruofegan of e
frenpiny focrar ar pome A gnd ) for ohe banam with o puir o g clacemg fonoes

rmgron { = 0. The nrain of the retafreed plane, &, at
the mid-4eam soction shoold be mmc 25 e urface
smain of the congrele, £, at e bonding regmon. o .
at(x ¥ = (K 01

o !
£ luzgr— 1y

thh

where X, o, £ md £, doede the mwimem teasion
e af te conaete beam and reinfocesd plote, ool
the cemspile modoli of the conceete and meinforoed plane

Maymine of Concrrre Research, J0E, 53, Mo, 01

resprectivedy. Acoondingly. the mormal wircss discibooon
dlong the Larerl divection Lr, &) 21 the ood-benm sep-
Hom can b expressed ax

£ E F&I
i =—— i —— . 2
L2} Fﬂ.rn FE,. X qulr-u ]

whete 4 = the Youmg's modulus reho of the concroe
and reinfeesd plate (8 = E/ &), and Fr s the clos-
g foree (i Be beam [ongiodingl dimerion) indiced
by the reinforced plate ar the mad-bexm mpo The

15



Lo et al,

lecaman of 2o ress, dole) = 0, of e stengthoed
beam is called the nrutal axss, Xy it can be svaluared
wing the foree balance equation, ¥ Fy = 0, thits

[It
Fp -+ Er:{-t- mﬂl f-& = ul'lf—ll {3}
=th=Xa}

Substiuting cquaban {2) inko squadon {3} yields

B

Iy = ——
AT T

4

The rxinmm ensile stoss oy in the conorte mare-
rial man be catonated by mymp the mamens-equitibrium
method, tar is, TAf =1

1,
* PL
FoXy+ [ @ir, Qo = T (5
RLEE ] y=d

By substititing equation (2 10 cquation (5), oy can
be cxpressed =

'm.l = T PL‘E ‘t ‘:G}

|
e Xy + XY+t - X

A
JI,Xu

Srress infenziry factor: Ky,

Whersas the boundaries of both sides of the o=k
have tips wilt oo displecement, the probiem can be
congicered estersizlly 2 cenme-crack problém s men-
naned pravieusly and only a tip at the cancrels regim
is of intersst. Therefore. the effective craek fength a for
tht contre-cracke problem is aqml to o./2 and the origin
10, &) is shifted ro the cenme of the crack, The direction
of the r-axis is olso meversed. The crack lips ac now
lecated Al e coordimted &= g, For the smenphensd
cracked beam, the sress finetion of the beam alang the
crack surface can be treated &8 the same stress function
oblained from equation (2) but oaty the region of crack
s of imteresr. Then, the smess funetion dlong the creck
stirtce 14 edleufated by
i ks ay

-gE 1T "
T gE I =g [

Fls) =y

For the finite plate under o poiot (mdiog conditon
a5 iIILul:aIi:dvin Fig. & the siress muenwity f2oior £ can
be gven by 17

AN
g
In-l.l ] rP‘i P c\l
Iil‘l:l :Eigl FE.; (5}
m A
PRI
Wy,
i which

kL]

e —————y

Fiy. 6 Schematic diogrom of the finite plate geomery with o
coacsairaicd pensr S

et _J (=
B EE | . Tl -g

{ fae|V o fe 2y]
' —ms 5 Fin 32 ; 5

_]"I. 'I| _i’f\z

[ —— L= |s::f§1!
g fe ey ey T8
T, M5 el
it
1 1!;05{%1'1'

(i

The foegoing soluton can be cxtensively applicd to
the finite hody with the applied arhitrary load distribue.
ron ajong the crack surface by inmeprating the stresy
and geometry fanctions within the eegion of -2 =
x £ =g, The sres npusiny et K, of e beam
thus beooms

' =?E-E[‘ uther{%.?Ti: {11

-1

where Flarb, x/a) 15 gron by oquto (92,

Closing farce Fp of the reinforced plate

The final sep 15 @ estimaue the closng force £ of
the rinforeed plae o the cack-mouth rygpen, Con-
sufer the model mentioned previsusly in Fig 5. fom
whuch it is chiamed that

Mapore of Comcrere Research, ZGL 2. Mo, Of



Ko, =Ky -K; {1
whore Ky ix the skoess intnxity facior for the reclog-
lar beam with the edge-mack at the mid-beam region
when it is fubjectd e tiree-poms bending lad. T e
be evalitated by using tie sel-kmown chised-frm solo-
on gEven by

irPL
Lhet

whete fole) 15 the shope finenion foc the heym with
notch formation under three-point berudm& and & is the
notch-to-dopth retio af . Kf o gives by

Ky = v alm)

{13}

1F,
K» = a 14
i :ru.‘mI f14]
where
046 + 3-06z + 0-33 1 — aff = 0-88at! — a)f
) = {1 —af i —a

i1 —apit
15}

From equarions (11-[4), the clesng focce Fy in-
cueed by the centre-poist load P an e caleviared by

= VAR
T AT

Ka - K LT

Result verification

The result obmed from the proposcd method was
venified by comparing if with the nomercl analysis
soluten using the finitz-clement methed (FEML An
MSCINASTRAN FEM package was osed for inwesti-
galmg the wrexs cancentration at the orack-bp and the
ensile smess o the reinfonced plare, The acea aloss o
the eraci-tp and at the mid-beam ssetion of the rein-
forced plale were mished e very Fme clement sice
(QUADS clernent with 0-0003 125 m each xide) 1o arder
W obEin mote ascurane resulis, A schemaric {lusranian
af the model is given in Fig. 7. Since the smeogthened
bear is gymmetricl to il central axa, ooly hatf of the
bean was modelled. The load P s applics vermally
an ithe top and afigned at the cenire of e beam 1o
simaaiz e pel dues-point boding west. Bawmdary
CONSANG were applied ar the nodes along e cenoe-
fing of the beart s thar galy verieal movement was
pertmifted. Yertical movonicnt was oof pormilted at e
botiom  supportmg pomt {5). Lioear cluric propemes
were 1squmed for both conerets and reinfooced plare.
The thickness and modulus of the remfonal phe.
rangmg from [ @ 2-3mm ard 50 w 200 OP2 respec-

Extimation of Ky faclar by superposiaion method

IV IR ISR IET

3
Fig. 7. FEM model for exiimating the pammeters K| and F,

tively, wers used 10 compars the resuls ebuined fom
the proposcd metbod AL detiis of the simulansd mod-
el are shown tn Tabi= L.

The FEM modal fus been validord by comparing it
with the caperimental data for the concrele specimen
bonded a1 glass fibre compomee placs. The plare
normal strain was measured dipeerdy during the rest by
an oxicrrmbly bomdwl srain gange The mesults we
plom=d in Fig, & It iy shown that the soaing mezsured
fromn e experiment agtes wall with the FEM solution,
Therefore, it is concluded that the FEM result con be
used a5 real expenmental data for prediciicg the sEos
distribution of the swengthened Beam with differen
bonding plate materials.

The stross intonsity Eector of Ky wes cstimated from
the displacemenm of rwo nodes clozes o the crack-hp.
Assormitg that the beam was subjeced 10 2 foad af the
plane strain condition. the fllowing empiricyl squation
was used'”
fun__ K7

¢ S 1y In

"

er’ﬂ‘urfi T AW LI WYL
=

o

T 1-w i-o 3
by ey '

| '35 ey
1N

The results chwimed from the FEM and propesed
method are platted in Figs. 9 and 10, Accordingly, it =

Tl I, The deogily of the Deam madef for arnmlyneo] omd mpmrertoed nalrfer
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Fig. 2. The ngrmal faree (Fy) of the renforeed plate ploted
against different pliie Buckiesser wsed for the stresgthensd
b model

found far the values of K and Fp obzined i the
propased solution compars well with FEN for the mod-
el with & = 0-X The rclaove orror i Loy than 4%, The
tensile force of the reinfarced plae increases with in-
creasing thickness. The comesponding stress infensity
facior, Ky, decreases when the thicknesx of 1be plale s
increased. This Toplies e using e thick manfarced
material woudd e the chance of Gilure by cracking
n the concrele mmienal A high modulis mareriol wsed
ay the reinforeed plus woald mduce che vaiue of K,
whife the maximun nomzf stess af the plate is in-
creasesd Figures Ll and |2 show the effect of e

k)

==+ F w50 LM
< oo —n—E:mm
Wmmed —i— 5 s 0GP

B =] GRn [FRM)

bl IR Ty S

5040 & B w00 GPa FEM;

- s oo b
T MR T

Fig. {0 The stress uiensuy facior (Kt of the joesgthensd
beam plared ogeiner differan: plare thicknerses ured for tke
siregiiened b el

50 w4
00 oo

el
2 K
1650 04

Ay, Mim' ¥

= FEM polncn
= Prooosad mathad

1 500 10000 15000 Wom o

Aiwpalica el = W

g {1, Load-plos noraaf farce ©Fy) aurves for the Hin
na' thick reinforeed plares

wppied lesd P, o the valucs of K and Fy. Both
show good agresment with the FEM remis

The present proposed method provides a simple bt
accorats togl for estmating the valves of K, and Fp
¢ the soongthod bram with § = 7-2 when the aff
ano ix Iexy than 045 The effecrs ate clearly demon-
smaced m Fig. 13, The results show that the ermoms ame
within 6% comprred with the FEM saluton. According
to the resnlis shown in Fig. 13, i i also demonsmaced
thar the maximum K. is reached ar 2 == 0-2, Beyood
this lmnit. Ky, deoreases with ncrensing cack length,
The fazfure mecharism of Ge sTucnee is dominamed by
the machanical properries and grometric factors of the
external honded refnformsment.

The ses micmily factr X, of (he srengrhened

Magzane of Corcrere Serearch. 2001, 53, Ma. 0L
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Ertimauign of K; focior b nntrpasition siethod

Tbie 7 Dupzilt of the Seam model for seafucting Ky wich
diffErenr ¢ radar

Czrve ¢ Medity of phie. £ GFa | Sboubol of cocee, | 4
E: G

1 Glow Ghbr cialiporates 30| Mevium prempnh M|

I Groplie comnposites 10| Moty dtength. M [ 4

3 Siead plaie I00| MimSom oowepmh M| 72

+ Sl plaw 30| Low rrengh | 0

e Highettromgth matenal B[ Lo sirengan 14|

beam against the noteh-depeh i o o $ifforony
modulus ratics af § is plonad b Fig. [4. The dorails af
the beam model an; listod in Table 2. Eigar 14 cleady
shawa thar the diffevemce betamen the cheoretical pre-
dietiva and the numesical analysy increases with in-
creasing the mto of § and increasing the mbiv of @
This may be duz w the Falloaing Bcare.

[g) [o general, the ensile modulos af the rioforced
plate is larger than thet of te teum 1o be soength-
ened, thag is, F % 1. For the minforesd piate with
high rensile modutux, it is mong enowgh 1o con-
smain to crck-mood (omck-tp ot the inlerface of
the bond between e concrete and plie) opening
and maingin the aommpcon of inoer ek charae-
tertsties, Howower, @ [ow tcomile modulus plzie
eanGt gve Lhe same chamcteristics and thergloes
2 hiph K7 valus nesibe Som the FEM sodurion

18] For Further increaning the rto of a. the diffoence
betseen the analytical and FEM refults ot the de-
aeaging bronch s increassd becoaurs the nstweral
axts () determmed by e souctme weidiour
crackipg is normally shertar than that from the
cracked srocrure. Therefore, the fsrmal composs-
Ve sTeas db e @oek-Hp appears acher from the
theorerical sahudon than thas fym the FEM results,

The validiey of the powtant propooed method s
plotted m Fig. 14 AL dam point 2re mraced Gom
the ealetlated reslts for differsot ratios of £/ m
eondition that the ertor margin berween the theomtical
prediction and e FEM reonit xt each dam point is
5%, The smioth curse s plotied after Frqing o/l dom
poine Figure 15 divmabgiedes that the cucpeat pro-
posmd method s ablc o woowmichy svaimuce K for
values of w up to (M5 when the mtm of 5,/ E; o [ager
than 13, However, for a reinforeement with kow tensiles
modules. much as balanced-type glass fThre conipodies
[Ey = 1) GFay, the proposcd methed is alse mazlable
for valtas of & up m & The limitition of the ourrent
analviicll method for ovaloaong K and F, is shows as
{ollgws

" smm‘r%\vun (8

Ermuanor (13} shows ot the zeouracy of e aurrane
anabytical method inerease with erssing the plate

%
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Fig 15 Paiilily of the poetens sroposrd method

medulus, Therefore, for a luge § moo, the propessd
equarion i nat valig for estimacieg the valos of K ina
srengtbened comorer bexme Hlowmeer, the propesed
mathod provides good predictions of X, and Fy for
mmall crecked FRUcTMS ih 30 engincering applicaticn
A deeply oacked bram would pomially not be used for
1 rplistic sondy of comenetr structures,

L onclasions

The concluonons of thic paper ¢in be summanzed as
fallgpws,

ta} This paper proposes a spwerpositon method that s
simple and effivtive fx cvaleng the aree inwen-
siry f2ovor K and maximum easils stress op N2
comerete bram aod exermally booded reinfores-
men: respectively, when the condidons of equaton
[ i8]} are xariefied.
The use of high modulun and tick makerials a the
reiriforced plate for the strengthoned cracked beam
reduces the valie of Xj. However, the vilue of o,
increases as the modubus aod dickmess of he plite
[ ST
(<} Tac fiure mode of the siengthemal beam is
highly dependeni oa the maduhis moig of e con-
oete 3nd monforeed metorial thickmess of the
retnforced plate and the crack-lengih of the Touc-
o,

b
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The mechanical behaviour of composite-wrapped concrete cylinders
subjected to uniaxial compression load

Kin-tak Lau ", Li-min Zhou
Oepurement of’ Mechaticgd Engiering. The Nomg Kumy Polveechau Lnmernty, Kowion Huny Koo

Abstract

Bzt carthquule damapes have cepeatedly decmonstrated the vulnerebuitics of older menforeed conerete colemns o sehemc
Jetenworatipn. The use af sueel and Abre-reinfonceed plamee 4 FRPY matertals wraps on aged and damagad concrala strw;fures us bom
eecdpfited ut ad effective method to reshare e Lisd carrying capacity and exiond the sepaes Wit of the strurtuns, Sl paas aod
wurbon fibre composites have beon incrennngly used 1o reinforoe the conaets column by purtng cthe weaps around its aroumferenoe
o0 erder fo Muntuin i strecucal miegrity by constraining the Tavera] diluniom of the codemn when s subjerted o sxgl came
pression lod. This mper presenty the behaviour of the wrapped cancrete cylinder onith different wripging mMatecials and banding
Jirtensions weng doire clavent  FEM) arf analytioal metheals, The cxperinenial msulls show thal the deflection of the wrapped
vangeete cxlider in the lotd dircuon decreases wath inoreasing the ougth, thickoess and madalus of the wrapming shest Flawever,
using i lomger wrlpping sheet with high modulis fiay not bunefit the structie sncs it oeates megative hoop sinsss o the wmppmg
shest. AR analytical eyuativn 1 provided [0 sstrmre Gie shear stres dierbunon of an adhesive matenal for differear woapping
geomernes, The nowia af the equioon compare well with FEM solutons. & 1000 Elsevner Sevemen LOD Al rights reserved,

Kevwarde Conerere, Fibre-reupiord plaste Cundieie wrapping and Sniie eloment metinnd

1. Introdaction

Creteroration in vivil gomrete stogetyress is & priosipal
challenge facing the infrastryetues and bridge industnics
worldwide (1) Reent mrthquake dameges have o
peatedly demonstrated the vulnerabiBtics of slder rein-
loreed conerste culpmng o sciomic deteriomton |2).
Muost revent reararch focussd on e use ol ather high
wisile strength mawerals o mprove the overail me-
chanpc] performance of concrefs skuctures [3-8) Steel,
#litss and wnrbon Bbre composites 2o regquently used o
veinforg: e conerete column. For the cylindrical con-
crele column. these matenols may constrzin xpanson
m the houp direction by putiing the wraps around s
vueumnlerence in order 1o increase the compression lad
vitreyiny capacisy of the siructure 7T

Steef jackeling & convenuonally ussd for seesnic
rewrofit and in some cases to wnerexse [oad pacity of
thc concrere scruesure. It is easy 10 instafl and has been
well aceepted in practice for more than half a decade, [n
recent yeafs, ddvanced composite matenials, pacticplarly
olass and <arbor fibre composits, have Den widely

" Carmmponding amhor Tel.: =451-T7R8-6675: fey +870. 2854700
Ee-mun waddrere: #3700 I0mspuolveia bk LB 4 Laup

used to replace steel for coacrete rehabtltcausn. [ts ad-
voniagss in avil cnpneenag appiicacians include high
strengih Lo weighe raus and comrosion restspance. [T
alsg casy ta manulzcwree and wansport. The use of Lhese
advanced composite materiale brings faving o the
averall applicadan cast and improved dutability. From
the prucrural paipt of view, Seible [2] pointed et that
wing carbaon fibre composite as woappine jacket s juse
ax effective as conventional steel jackeling Gluss fbre
Cotiasile i more attrctive i mast engincenng 2ppl-
cleions because of its competitive matesial cest. How-
ever, its tensie modulus is lower thig that of the carban
fibee composites and steel. Ressarch on the wse of thi
matenizi o strengthsn copsrele siructunss bas grown
recently. The mechanieal propertics of all the tvpteal
materials wsed for the widppad concmlc structure zre
listed in Tabie !. Detailed explazabion +n the filue
reghanise und the mechamel rsponses af the wiap-
el concrete struciure 15 howsver lamuted.

[au. Karbher ind Zhang [3-=10] tound ghat the
sess—sirain roponse af the wrapped conerene exlinder
under mmioxml compression lead shows 2 bi-lineer
chamoierstc L. the mubnl repanse is almost finear up
t0 & paint. which iz called “Rink poine”. At this paint, the
wrapping shest stants o acnvaie the confimene Loloon.

183N IHKLE - e Crmni matler © 000 Ebeaer Sowmoe Licf AP mefo peereerd.
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Tabk 1
Mechamen! praperies ab Al trpcal muterals used for wrapped concoete st
Property E glas Kevlarp Graphile* Sreml” Concree”
IT-3an
Trpe AF Tipe B*
Fibre volume ircton 45 ” 645 53 - -
Rmin types Epoyy Epay Epuaiy Epaxy - -
Spediy gramty 1.50 1. 1.533 L.&E Tl 14
Tensule shrepreih 1 (GPD) LI n.14 1.3l L71% [ n.004
Temsite madui, 17 1GT) a 11 a3 159 00 -
Cumpresucn stremgth, 04 8B S0 1oy 234 1358 | 147 4599
11 HLEE) 73 13K - e
Compresuan mendulus, 1 2P il } 013 1M 1.31 .3 15427
4 - =13 - 40 [FR 14 - -
Lomtwrtuctinal Pamaon's ralw 16 - m2 - -
Luomgiontina? costfioent of thermal i

stpangen <10 * 0
Trariverwe coetfcent of thermal -
pansean. | |3 T

* Diutta extracied Erom [1[

" Result abraned by the expenmental e bgRlion.
" Unt-lirectinin. | E-gling Abre composse

* Balanced! tvpe E-glass ibre compaate.

The concrete bewan to (Gl bevond this pomt. and the
curve cenrtinues almast in liner manner with 1 reduction
of slape, Afeer the kink point. substanoal visihle cracks
in the concrete and debonds ar the nferfece betwesn
compasite and cuncrete appear [11}. Fig | shows the
typical stress—stoain response of the glags-fibre compos-
tte wriapped conerete orlinder sehjected o uniaxal
compression lead P&,

This paper discusses wrapped concrete steuctures of
different wrapping materiali. thickossses and bonding
tengths, using finre element and analytical methods, The
woncrele, which has 2 kink point, 15 assumed i current
study. Creflection of the wrepped concrete cylinder i 1he
load direction decreazes as the boading length. thickaess
and medubus of the wropmng sheet inemases, AL the

250 — —
400 | kior poine
L |
Mo
£ o ~a
= 1
‘_"E 250 .”'
- 200
:E 150 ; & Samplke #1
= 100 .’,- m Samplke +2
0 f et
]
Q HLLITH 200 nog JO000
Axial smain (LE)

Fig | Sirsss-aren swponse o Eqfan obee cotipuesiies wappeal
cutifete wvlinger byt by cirasod compresmon joad.

ame Lme, \he kink load and the adhesive shear stress
tneimase subsitzntially. The haap siress measured in the
wrapping shest lor the wrapped struciore muse be 2m-
phasised singe negative value is mexsured if the thick-
ness, bonding length and modulus of the wrapping sheet
are ipcreased. This phenomemon mav dis-seress the
wrapped concrete structure bevause of the existence of
high t=ngile stress in the concrere nraterinl, An analviical
equalion 5 ctablished 1o stimate the shear stress dis-
inbution of an adhesive matertel for diferent wrmpping
systems. The msults compare well with FEM solulion,

1. Chzracierization: of wrapped concrete svstem

The [oad-deformatten resporse of the typical i
concrets sLeucture 13 shown tn Fig. 2 The sTress—sloan
behawss in a linsar fashion up to yield stress and rapidly
reaches 15 ulbmale stress tcafled the compresove
strength). Following this s 2 Jescending branch. which
& normally iled the soitening regon. The axal strain
of the concrete cylinder conlinues (o incrense 19 the
Compressive siress decreases. At 4 stress devel of ap-
provmately 0% of the peak-strength, lateral Jeforma-
lion raisss repidiy and many exlensive verneal cracks
appear. the value of Poisson's ratio a peok being =qual
ta 0.3 |12 Fig 3 shows the deformation of the plain
vancrote cylinder subjected to un-axeai compression
Toad with different platen matenab. {t demonstrates that
the madial expanrson of the column is hivhly dependent
v the modules and Poisson’s mce of the wrapping
material. Therefore. in desming the wappimg system,
attention should be pard o the real practical situation.
particularly at the Inad bearng jownt and connection of
the wrepped voncreie structure n order o dchieve the
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priesieiidin sireriptbening capacity of the strociure, Sweel
e composile wrpppel systenis are gsed to constrain
he, cypanston ol the concrote stntare in order o
maintarn s strectral imtegnly bY minbmising crack
T Lo,

Fhumi [L0] Tound gxperimentally that splitting feilure
i e oop dhirection o the wmpped concrete cvimsder

Liaits at Bl ensts of tee winppaig sheet aud propugaies

sward the muddle of the columa. The failure mode al
e composiies wrapped concrete cylinder s showy i
e failare mechaniz of the wrapped column
Jter testing o schematicnlly luwsiraied in Fg 5 The
ol was wrdpped by thick E-gliss wowen compshnies
i lesied under sicel ploten; de the wop and botiom-
opitre tefnms inside the concrete were subjected to to-
pertl cornpression stress so that no deformution would
woitl i ether rudinl or hoop diredtion. According o
the 1est pesubl shown ebowe, it 15 warth o mveshmsie ifl
deptl the mechasical behnviours of this wrapped con-
rete system, partrculardy st the bond-end repmnmns

anison an pensels eylmiler usdsr comprassien wiik deflerem pluben properies: (o) bard pizien and b sodi platen

In the currend stuwdy, FEM has been used 1o invesi-
gute the mechaniznl responses of the conerete cyfindes
wripped by different wrepping maternlzs. bondmg

Fig 4 Failure modes of ihe Eglassopo o lammaic Wispped concrois
“glinder ufler chimgiessiun 1241
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EIL}  Cracks ape [nitlally rastod mt both ends of the reinforred plae.
{10} Cracks wre propuegied toward the middle of the wiapped cofumo

Fiz. 5 Failune mechanism of wrapped concrete cylindar gubjeried e
connpresson oad.

iengths and thicknesses. A theorctical equation has been
established to determine the shear stress distribution
along the bonding line of an adhesive material. The ro-
sults sre then compared with the FEM salutions.

3. Fcra model

The wrapped concrete cylinder is modelled as an axis-
symimetiical eylinder. The size of the pluin concrete
cylinder iz 100 mm in Jdiameler (D} and 200 om in
height (). A global co-ardinate systeta is used: x, y and
z-axes répresenl he radial, hoop and axial dirculions,
respectively, of the wrapped column. MSC/Mastran
FEM Packape was used to model the geometry, The
element used to mesh the column was Parzbolic Traé
{Fig. £}, Thoct: nodes are distribuled along the thrse
tdgey of cach parabolic triangular element. The mesh
consists of 50 and 200 clements in the radial apd axiz!
dircclions, respactively. Steel platen is modelled ar the
top of the wrapped concrete cylinder. Uniform pressure
iz applied on the top of the platen in order to simulate
Lthe rcal testing condition and to prevenl slress concen-
tration at the top surfece of the concrete cylinder. The
top surface of the wrapped concrete cylinder is cou-
strained in the radial and boop dircctons while the
bottom surfzee is Axed. The centre line of the column is
allowad 1o move vertically,

Different bonding lengths, wrapping materials and
shieet Lthicknesses have been modelled individually to
obzerve the mechunival responses under the syne load-
ing condition. The kink load is determined hy applying
the lead to ils criticaf axial deformation value 6* of the
plain concrete vylinder, ie. a point where the defleclion
of plain conerete cylinder 61 yicld condition.

[ COST 1496 |

K Louw L Zhau f Cremposite Strucrees (00 (2000, 0t

Axial dirsctiag,
i
L 1 —":;
Load sppiied
Iigh modalus material {14 dadd.d, 01 Coastraina-
e ~ FROEEEES T Tiwe ks

" Reinforced piats

5

E:i -

= | 5 Hi

I

I i [ i]

3 E: ic [

e P i
| a J H *
TOTCHEEEEES L eion.

T e el Gectien.

*— r=30mom -+
(Titad 50 clements)

Fig. 6. Finits slemrenl mode] for wrapped concrete oyl inder.

LI Axial deformation (3)

The gxiul deformations of the wragped concrate cvl-
inder are plotted in Fig. 7. The fgure shows that in-
creuving the bomding length of the wrapping shest
greatly reduce Lhe urxial deformation of the woapped
concrete  cylinder, especially when a high modulus
wrapping sheet is wsed. A thick wrapping shest also
provides a better holding farce ta the concrete eylinder
vompared to thinh wrapping sheet. In turh, the low
modulus meterial does not infuencs the structure sip-
nificantly regardless of thc bonding length ur the
thickncss of the matarial,

3.2, Kink foad and wrapping efficiency

The plats of the kink load versuz modulus of the
wrapping material are shown in Fig. & The kink load
mcreases signilicantiy as the bonding length increases.
Yor the E, = 200 GPa with 2 bonding length of 200 mm,
the velue of the kink load messurcs almost twice 25 1he
samne model with & bonding length of 50 mm under the
same loading coodition. However, for the £y =11 GPa,
the kink foad also increnses with the bonding length bt
1lie invrease is less significant, The wrupping cificicney #,
presented in percentage can be saprassed as [10]

", =h;;‘- x 100%, {1

where kj and & denote the kiok load for the plaic and
wrapped concrete cyiinders at & condition, respestively.
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I3 Hoop stress of the wrapmng sheet

The phenamena af splitiing Failure at Both ends in the
wrapping sheet can be expiained by the result obtamed
trom the FEM. Negative hoop stress ts observed for the
modeds with long bonding length and high wrapping
materiol madolus. However, this does nor happern with
shott bonding length and low wrapping malenizl mod-
ulug {and fow Poisson's rotiol materal. Maximom hoop
stress 5 cneasured ar both ends of the bond in the
widpping sheet. Fig. 9 shows the plots of the hoop stresy
along the bonding length from = =0 with differcrl
wrappinyg sheet modulus. High hoop sirss is found at
the end of the wrapping sheet 1204 = 1) and graduaily
Jecreses towards the middle at the column =/ L, = 0.91.
For the wrapping sheet with £, = [T GPaand ¢ = 013,
the hoop sinms o pesitive for bonding lengths from
L =230 10 150 mm. However, for the plows of 2y = |
Jid F3) mm. neganve hoop stresd 1 measured closed o
the middie of the column lor the wrepping shects with
melufus £; 2 30 GPa. This implics thal the wappiog

sheet may not provide the constraint action in the hoop
dirctiva throughout the whale wrapping svsiem, Pam
of the conerete eylinder. partiowarly ciosed (o the mid-
dle of the column, sustins the tensile siress rather than
constraint foree lrom the wrapping sheed. Hlawever, the
lateral strain measured experimenially af the wrapped
concréle specimen shows & positive value due to the
Powson's effect

zﬁi:}.—L?uﬁ-ﬂaf—nﬂQ. !
B - -
The axial compressive stress of the wrappimg sheer
rezches maximality al the middle of the column The
Potsson’s expansion in the heop direction Jue to the
larme compressive stress th the wrappog sheet becomes
the man cortribution © the hoop saran £ of the
whale wrapping system. Thereopon. the Roap sirettes 1
concrele znd wrapping matenal e depeodent on the
defference of Poiscon™s ratio and axial compressive strss
m both materais. For the wrapping sheet with high
moedulus zod Poissan's mtio, a laree pact of the axal
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load 5 eken by the wrzpming sheer. and (hersfore. the
Powson’s capansion in the wrapping sheel becomes
wrearer than ikat o the concrete Eventoally, the nega-
uve hoop sress oocurs doe o the eximence af these
Jifferennal Powson’s and modulus efeces. The schematic
diagram af thiy Foissan’s «fecae ar the meddle of 1he
wrapmed welumn 1 shown n Fig 10

The maximem hoop Sires o the wrapping sheet and
the distance of zero hoop dresa from the bomd <ad in-
crease 2s the moduius of the woapping swet and the
honding [2ngh decreasdy, respectively, This mfers thar
ihe eifect of gegative hoop stness <an be minfonised by
reduciog the boending length to some oitical lirmit. Fig. 9
shews that the manimum hoop strsis of Ly = 150 mm
with 2 modulus of wrupping sheet o’ 207 GPa w almost
ratee a5 mensured for e same wrappmg syslem wilh
the madulug &f 100 GRa,

The opumsanon af thi phenomaoon cn be
achweved by ploremg the diagram, whech indicares the
{ocation of zern hoap stress o, versets dillerent bonding
ieneth sz Fig 11). The dizgram indicetes \hat o
Aegetive hoop stress oucurs whety 1he bonding Yenegth £,
s [ess than 0334, wheee ko5 the heipht of the column

4. Theorelical approach (adhesive shear siress)

Cugrent Jieraturs 1n the field tends w pay Botle at-
tetion o e cffect of adhemve shear sress o the
wrapped concrete systom. Howewver, the adbesive man-
nal plays a yery 1mparant role 10 the wrappine system.
1t musc tunckron to {ully ransber sress from the cancret:
cylinder to ihe wrapping sheet withowr falure. Othor-
wise. the cffective bonding izngth ol the wrapping sheet
& reduced, However. in some panicular cige, 3 hond is
net required Tor setemic recrofi [2].

Fig. 12 shows a theorereal mode for derermiming the
acdfesive shear siress in the axial direction. The sub-
scripts po and vo Jenote the condition of the concrste
amd the wrapping shest ab the middl: of the wrapped
conerete cylinder, mespectively, = and & mpresent he
auzl stress and 1otal wrapped length rspectuely, To
wmplify the procedurs of analysis. several assempioons
are used whuch onclude: (F) the stresses 10 the adResive
layer do oot change with the chickoess: 2 all marials
behave elaseeally amd wo-tropically under ioading con-
Jdition; 17} oo aipping oocitrs Af the interfaces between
all ooded favers and (4 the axiaf stmins o Jiffeem
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matrrals distribute sniformly through the depth o eech
#2CUan,

The sdhesiva shear stmss o151 @ cxpressaed as the
pronduct of shetr modulous O, aod abear soin o120 of

the adhedive matetial in any panicular position, - alung
the hooding iy,

izl = ounls 13
and 7,(z} o be expreased ax

e el |

iz = I

4
where wy(#) and (=] denate the axial displacsments of
the wrapping sheot and the concrete, respectively. Sub-
stituling Eq. (4) imo Eqg. 73), ke following expression is
abtained afler differcatizting Eq. (3) and considering the
st cempatibility:

dnfz) G, (dmzt:] _dw.t:i)

d iz dr

-g’-fcp[::l uEJ:ﬁ;. 130

where fglx} and efzp Jenaz the axial strzins of the
wrappn¥ shest and concrete The axial loads o the
concrete and wrapping shoel are mven by

dfiey
g = 1,[2)5.. 181
dRlz .
e = L2k, T

where 8,(2) = Xar. and #1250 = 2ar,. Dofferenvaune Eq.
13} agein alter substituting Eqs. (60 and 17} yields
d&n 6, ( i a2

d= ¢,

W 134

The solution to Eq. (8) is @ven oy

z0=) = O cosh 1 821 — O amho gz a9
where

G - iy
ﬁ_'l,f f (E,r:.—:—a,-": E\rh)' '

Two boundary condittons are oesded to determme the
SNt &, and ..

Pllr) m P
=0

in which A 1% the maxionuem woal loed af (e wreppoe
sheet aad cat be ovalusted by applving the strmn com-
patility condition ot the meddle of the wropped con-
et oylinder. e ey | = g1l
A,

THE B A ~dy

where P. 4, and A, denewz the applisd Taal an the
cancrels surface. cross-mecnion acex of the wapping
sheet and concrete ovlinder, pspectiveds. Tiie constans
C. and Coare obrained as

7,i0) = 0 and Al

P [ ?
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where ¢ and § repestatl the tadulus £, £57 and are

tde dp) mlas of e concrele [o wrippitg shest, o
spectivelv, T Eq. 115, 1t is obvicusly shown that the

niLe

o FEM reult

n.os t —m Oy finmyg lme

05 (04 05 @4 07 08 4 [

! f
035 L/ ho

Fue 12, Plon o the lncation o zerg hoap sies = detaawed from

. —r = - T o e
C "l ICp - mfls btFd my — FULL A T Y FIFAT

maumoem sher simess of the adhesive metenal o
reached when = = U, 1L is then possible 1o wrete 1134 as

R i
b 1--FL B _h‘

| L&)

The cesults (rom Eds. (04] and (§6) and FEM e ploted
im Figs 13 sad [4. The theorucal resul gve good
apreement with the FEM solutions. The axwal siwecss m
the wrapping sheet iacreascs oy the thickness and mod-
Wt af’ the wrapmnr shoeet merease. This imples thar 4
part of the axial load w5 shared by 1he weappng shest
and charetors, the dilanon of the conerate eylinder <in
be mnirnazd. Thes phenomenon 15 true only when e
wrap 1= covered aiong whole cylinder. @ therafore 2 pan
of the load o direcddy applied 10 the «nd af wrppine
shzet. 1n tem. (or 2 shorter bond longth ol the wrap, this
phenomenan 1= vouded up 1o 2 poiny where the amal
seress does oot increaxe conbinuously with increasing the
thickmess 26: modulue [ due 1 the Talure af the
Capcrele i URWEIpPed Area.

Howeeer, (or the Iow modulue af weapmng sheet, the
eifect caused bw che wrapping thickness Becomes less
significant. The masioem adhesive shear stress 1o,
increases with the madulos of the wrpping sheet, and
decreases with e adhesive thickness o general. maod-
ules 2od strength are the dominating factors that are
wisd o select the materz] (o confiniae the congrete
structute. However, adhesive shear <tress increiaes with
the wse of thick, high mxduivs wtapmne sheet. Onee the
tatiore of the adhesive matenal occurs, the efectiie
booded kength of the wrapping sheet 15 meduend sulbee-
quently. Eventually. the moreess of e hoop stress in
the wrapping sheel and axeal defarmanon of the wrap-
e concrene cylinder and the decsease ol the wapmns
efficiency im (he wrapped comenie Svsiem e resled
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3. Conchuslon

The significance in this paper is 10 explain the failure
mechinism. which s not diseussed previowly in sither
numetieal ar theorencal ways. for the weapped concrote
a¥slem. Severnl conclugions ¢an be drawn from the ob-
servalions made it FEM 2nalysis and thraugh thearer-

wal predictian:

b, The fead warrving capaciy of the wrapped concrete
structure 15 goverted by the mechanical properties,
such s modulus and Poisson’s ratic. of the wrapping

sheet,

.. The deflection af the wrapped conereie eylinder i the

3. However, the effect of negetive hoop struss may resule

from: the use of thick and high medules of wrapping
sheet, and with [ong bonding length for the wrapped
concrete systemm. The maximum hoap stress 1 locdted
ar both ends of the wrapping sheet. Splilting failure 1
observed in most exisong 2xperimental reports,

- The optimised Bond length ol the wrap can be evalu-

ared using (he method shown i Fip. |1 However.
tao shart a bonding length may increase the muexi-
mum hoop stress in Lhe woapping sheet,

6. Uncited reference

load direction Jevreases as the modulus af the wap-
ping sheet. bonding Romb and thickness incrense.
bnnmng higher wrappine efficiency {1, ).
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Fig 14 Ploral the masimeum shear stress of 10 ufhesns maremml with
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Absiract

We repor the wse of fiber Brage prating (FEO) wepsors for strain measurement in 4 rectangubs cumpositc-bonded concrets beam.
Theee FBGs sre mulliplexcd by esing 2 frageency inudulated continuouz wave (FMOW) technigue in the RF-band wnd cmbedded a0 three
diffesenl Juvaliung al the meariaee between the compaosile reinforeement ead surfaces of the concrata heam Ffedimen. Srun measurereots
were colducted with dhe conorere beam specimen subjected o o thyve-point bending test The sirains measured fron (e RO senyors are
compared with that flom the catemal bonded strin ganges. & 2000 Elsevicr Scicnce B.Y. All tights reserved.

Kewennds: Fiber Bragg grating sensors, Frequessy dwision maltiplexing: Glas fiber compoaitas; Strain misasurenenl

E. Intraditetion

Thez tise of fiber webndfineed phastic {(FRF) materials in
cunerele rehabilitaton bas heen recogmised as an iwgova-
tive technology o wecenl years [1=3] High sieengrh plass
lbers van he embedded ot the sofl matris 0 funn o
compasite witl high wasile property. Bondieg FRP ot 1he
leozion rurface of fhe concrete can imcrease Ow oversl
tensile stoeaglh ol the conorele simcture.

However, the mechanical properties of the hust strue-
lure vanned bo measurcd casily By use of the conventional
non-destnactive inspection (NDI) methods such as sirain
gauge and X-ray radicgraphy due o the existence of Lthe
extermal booded palclies. Fig, | shows the rechanism of
The #rain transfer on the suface booded reinforcoment.
The axiat sirain on the concrete surface {point A) afle
strengtlbeniog s nwially grealer than thar measored on
the sarfage of the reinforcement {poimt B) dee w0 the
benading effeet eaurcd by tbe shear af an adhesive material.
This means that the swlace woued strain measunng
methad cannor be effectively used o measure the el wni-
cul prupertics fo.p., micmal strain) of the sirengihened
skrrctures, i partivular i the thick reinforecoment s used.

* Cornsspondisg mutheg Tl - +8Y2 F708 GBI fowe | BS2-3300k | 544,
£-mail ueliress eckechan@eoe. paivu.cdu bl [PK.C. Chan).

Besides, the envionnwentul atlacks on the aurface of rein-
furccment may alsa influencs the measdrement acurcy
of the. extermal mewsuring devices,

Fiber Hrapg grating (FB(G) sensor has been idemilied ws
a very Hoportanl echoolopy for stouctare health monftor-
ing [4—&]. VBOG sensors offer a number of sdvantaxes uver
conventional elecirica) strain-zcnsinp echnigues. These in-
ciudc the resistam fo sorrosion and fatigue, small o size
and light in weight, The FBG scnsars can he embedded
inside concrete, ghassfiber composites and Sur ut the inier-
fuve uf a composite reinforeed congrere without degrada
tion or significant compowuise of the strength of the hosr
malcrials.

Tu reduce the cosl por seneing point and o increase the
compatitiveness of FBG seasons aguinst convenlional clec-
iriva] scnmars, FBO sansors are oftan wavelength division
multipfexed (WDM) wid /or Time drasion multiplexed
{rimMy [87] In WDM systems, FRGs of diffaent Bragy
wavelenglhs Dawve to be psed and the sensnr number thar
can be multiplaxed 15 determined by the vnio of the soune
speciral widlh over the spacing betwesn the Dragy wave
lengths of the FBCs (6] For siruin messurcoment in con-
crete struchire, maximum strain can be 300 we ur larger,
thus the sensor oumber that can be moltiplexed by wie ol
WM iy linited & a fow. FBGR of the same Bragg
wavelength may be vsed in & TDM svslem, however, the
stpnal-to-noize ratio from individual sensor at he pleotode-

(9244227 A00 /5 - gce front master B 3000 Fligves Sciems H ¥ Al nglus neseoved,
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Fig. 1. Srre=ms iraoater from the o manen 1o exterml emieed patch.

iecior s weually low, if 2 nember of sensors are guing to
be muitiplexed [7] Furthermore, TOM system requires
high exiinction ratio eleviconic swich in onder o reduce
the crassiaik Berwedn sensors.

In this paper. we report the use of 3 RF-hand FMCW
approach for multiplexmy of FBG sensors. The EMCW
technique compared with TRM provides a larger average
puwser level ot the photo-ferector because of the relatively
Righ duty cycle nvolved aod does mol have 2 very strice
requirement on the extirciion fatic un the oplical intensity
madulawr. We alsg repoart he resgits of an experimental
tavestigation on using the muitiplexed FBOG sensar amay
for the menitoring of e srain developmens at tie com-
posite,concroie interface for o reeRgular notched con-
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ercic boam sample soengthened by bonding the glass fber
reinforced plaste (GFRP) composites on te enstan and
shear surfaces when the sample &5 subpected wooa e
point bending tesr.

L RF-band FMCW multiplexed of FBG sensor array
2.1, Principle of operation

The principie of (e RF-band EMCW wehrigue tor
multiplesing FBLG sensors may be explained by wic of Fig,
1. where 1 threg-sensor amsy i senal-parallel topalog

waly wimd. Light from a broadiband source 5 modedaced n

Fhatodelesrar

Fr T Ldhemane dinerwm of o FUIDOW mulonde some FRG oo mar s
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intensity with mangular swept RE-frequoncy carricr gener-
aed from o volmge-conrolied oscillator tVCO) and
Rrunched into the FEG sensar armay. The reflected signals
from FBGs are guided back ko 2 woable optical Fler
{TOF) and then o a photodetecior. and mined with a
reference signal from the YCD subsequently. The system
acrpue Wil consist of o number of beat notes wich the beat
frequencies determined by the time delay differcaces (5,
=12 ... N comesponding o N sensors) between Lhe
reflesed signals from individual FBG sensors and the
referenee sipnal. The magnitudes of the bem signals am
proportional to the convelunon of the individual grating
refiection specium and the wansmission specmumy af the
TOF. By assigning different time-delay-difference 1 dif-
ltrent sensors, te bex signals corresponding to diflcrent
FBG sensors may be scparzed in frequency domain, The
Bragg wavelength of 3 particular FEG can be inemogated
by <canming the TOF and coeord the control volge of the
TOF thitt correspending o the pexk {ar zero-crossing point
iF derivative response is duiscied} of the commesporuding
beat noex signal.

Assuming that the riangular frequency sweeping is of o
repedition rde of f, and & irequency excurzion af A f, The
bear Frequency fl,. cotrespomding the ith sensor (or dth
beat notc) ay be wonen a5 [%],

frew =3F207T i1}

whers 715 the time delay Jifference of the rth sensoc
relagive 1w the reference argnal,

Tnt wenural, each bet noie has @ muitiple line spectrum
a mervals of £, The position of the peak in te cnvelope
wf Ihe line spectrum gives the Bear frequency. Because of
the mukiple line charactersics of the beat-noe spectra
the erasstalk performance of the FMCW technigue was in
wcncral regarded a5 “nen good™ when t s applisd W
mullipdes & number of sensars. However, we found that foc
stmall nme Jelay difference {cumpored with the peried o
trequengy-sweeping modulation or | /f,) between the sig-
nal and the reference wave, the heat note spactrum: can be
essentislly o single line. if the Following condinon is
<atistied [8],

oy =A2LAT)T =mf, (2

Whers mt i3 A iNleger

This property of e FMOW was also mporied in an
satly paper un meltplexing of vibmung Gber aptic sensors
(91, This suzgests thu a lvw-crossmbk muttiplz FBG sensor
Atdy may be realiged if the nawork is desipmed 1o a2
suwable way thar different FBG signals woincide «ith
different hanmanics of e frquency-sweeping. We have
Jemonsmaed o sideline suppression ko of —30 4B [0,
implying a FBG network with senacr w sensor crosstatk of
—H1 4B may be realized. When combined with the WDM
tochnique. the FMCW wechnique should be capable of
potentizlly mulopiexing a larper number of FBG seasors.
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Fig. J. Beal-now spectrum ol the dree wmswe gy

2.2, Optical mearerement sefap

A three-sensor system 38 shawn in Figo 1 hay been
corsinecied for the mewuarement ol imternal siram of a
compasite /concrete Specimen lsee Sechion 4 for Jetls).
The system wsed an Er-doped fiber ASE broudband »ource
with peak wavelength of abour 1538 am. Light intensity
macdulation was achieved by we of o YOO doven imte-
grated optic modulator by 2 tangelar freguency -swept
carrier (rarn 58 to 99 MHz with § kHz repetition eate. The
TOF used is 2 tunable filter (fD3 TBAHK) wich finewidth
.37 nm and a voitape-tuning coefficient of 295 nmsv.
All FAGs werc mznuisctured in our laboratory 9y using
the phase mask lechniyue. The Bragg waveiengih of the
FBG G,. G, and G, ape [555.30. 135424 andt 155424
nm. respectively. The refleciivity of the FBGs ire approx-
maledy L%, The Brage wavelength of G, was chasen tu
be significantly larger than that of G. 1o cnsure no erossialk
due 1o “specral-shadowing™ effect would werr during the
experiment [11} The spatial ssparations berween O, amd
Gy and betwesn G and G, are shour 5 and 12 m.
respectively. The electticad signal wier photodetecior 1
mixed with the retercnce direcrly from the VCO, The beat
signals gemeraied Mtum e mixing were abserved from an
elecmical spestrum analvzer. Fiz 3 shows o typical display
of the spectrum amalyzer, There ure Wiree magor peiks m
tre specirum Jisplays o 30 kHz, 73 and [05 kXHz. curme-
spanding 10 sensor G, G, and G, respecrively. Na effort
has been made o match the defay <xacily (o the harmanics
ol the rependon Frequency

. Specimen preparation

A standard laborarory size rectanpular conermie speci-
men {or thrze-potne bending test was prepard ecomding o
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the ASTM CI90-4S, The specimen was 45 om in length.
b3 omoin s and 15 em in height The concrele was
mixed o the mio 12153 1o cement: fing aggrepate: coarse
dpprepane and being cured for 18 davs at room [emperaturs
befors the ege were performed. Notch was made in e
specimen with natch-tg-width rada of 0.2 umd then fifled
with Epaxy baeed resin 26 qvoid any environmental attacks
an the agtch-surfaces. To ensure 4 perfect bomd between
ke zonorete and composites. pre-bremiment of the conoeic
surfce was performed by sanding ond vocuuming the
surfece of bond. Cleaning sobvert (oooione) sas then used
tw remeve he depreusing agont and other chemecal sub-
sluives that were otleched on the bonding swrfaces. The
mechmmuwut properues ol the concooe. adhesive and glaes

I P Chutn et gl # Siensary il Acatoor K7 130000 j2-37

fiber campesaftes ysed in e experioent o fished io Table
t. Three FBG sensors wete then allached 10 the surface of
the comcrer ipecimen by epody ovin o dhoee sumicgic
polnis oear the aotch (le. positon |, 2 and 3 sz Big dak

[n peneral, whan 3 plain recwosgular copcete boum
withaut notch subjected o theee-point Ieding. the high
tznsile soees 15l af the botiom swrface near the long
horizontal edge mgion (posiden 1) The suess a2t the
middle cenve megion woehd Becams lmser significam
iposidest 1) However, if sotch/cmack cxist e stess
wauld concentrie on te noich mlge rogion. dus phe-
Aorenglt may cause lthe cuemtuzl ailae of the sacnue
due toy the crzck iniliation «f the poich megron {pasition 31,
Thus, the FBET sensors oeater] ot shese positiong may be
uted to the moniter mechanical behaveioar af he spectmen
afier strengthenimg by glass fiber comporites.

Olass fber mats with Eposy based (Arakdite MY 7500
resin was usend by form composites o sbeogtien the con-
crete beatres by bonding on the wnsion and the two long
wertical sheans surfaces. Sis-layer plass fiper muao wepe
apd-up layer by layer dwocily on the surfaces of the
cunerels poam, Rosir amd hardencr were muxed mgether by
hond muzer vnal the homogencows mix wat achieved. The
muntie was en smeared over e booding surfaze of the
concrete spesimen evenly. The pre-cut plass fbar mer was
then laid on the bonding surface, The process was repeaued
for loyers of fiber mats, The zes of the glas Aber mau
are deliboralely maude differzne in order o minimise the
sy concsnwation locued a the end of e bending
[aminace, The sxoesa resin was squessed am by wong the
presg aluminium mfler. Once the desmable gumbers of
glass fiber [aminates were laid-up, the spacimen was then
nest for M R for cuping Ot mom temperature. The stran

(b}

Frg + Nohemabic lagram gt the = speooen subjeciel 4o Thee poant ekhor el
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gaus were then attached un the surfaces of reinforee-

menls A the pme pasiluns winte the FBO scnsars om-
Prechilend.

4 ‘eosurement. realt and discussion

The ~puimeen prepared ir Sechion 3 was Aibpecied w2
three-peiint Bembing sl where 3 bad wes apphicd o the
~peivten alery o Jireclen s shown in Fig. 4b. The stain
cimdileon Al the cumcTele cumpadine infemee was mong-
wired by e of the thiree FBG setsots where the TOF
dnven walge that comuspond wothe maximag of the beac
siufals af 30, 7T and D0F kHe wene wiod s the aurpod of
awreols G G, amd G, The <simin-wavelength characier-
bithea wf the thive FBO <ensars ane appravimandy the same
with afipleal sram uf 1 ope commesponding (u o shiktel of
the Brawe savelenmh af 1.2 pm. The s alw have a
rempreraite depetidence f dhout 140 pm 3. Buseser, e
Wmperatioe clioct can e meglabal ob ibis experment
b M teEnperaiute way g asmsbant dunng the s
ralsurement pertonl. Proswus e [12] show
thot FRG serowiry are neliable sliemmanve of elecmeat sormn
sautry when Jhuey arge wwnd Bor sDRI MRGSERSTCRD A
conorety sleociynes, ber FBG wnsors cen be embedided
raaide e reotlerrads thae o Jefticulc for clossmeal imin
Soge. The surcece sorun condinon of the e forced
lcimen Wil medsuied By (he o undee mwichwed sfEEn
gadges, Al siram Lnd fogd «alues wend recomdod throoeh a
JOmpLber Jusimatieally,

Fra, Fa shveas the nestiles abtamed 1o the Ctikedohed
FBG wenstr Goaml the exiernal-Botdked cdeceteal strun
cadge o e Preiem cdge cepon S posatism L oof dhe s
o, Lifear ad-stoun charsetersiy was abtatned Bor G,
alien e load woas bedow N0 KN, which Junan wilh [hes

result from the chetncal stran gaose. When the applied
b was fither mecased, debondine ot the interfaee
heween the GFRE minfurcement and the coovrent sarfiue
wis observel This debond mgehn cawse ihe strum incmeas-
ing i the ingrfma: botwoen die renfancement and songceeye
surfage. This effeet van be revealed stgnificantty by use of
embedded FBG sefivwr melber than exiermal-Buambod sifagrn
gy, When the applind wis w0 thour 25 BN, e qowiy
rate uf (e sirain oblaimad fmmotrRin gause woy b
down. [t o wspeied that e mmerlammnae shear detin-
Vivn ornmay in betwoen the ramlunsement livers o gliss
Tiber cumposites. When the applied load was incesmsed up
1o IT RN, O, wan hooken o o the <ame hme the s
miormaan fmm G, was slsu messed, s ey were wereal-
cunnceted a8 shown i Fi 20 Fig. 5 shuws the simm
characteristivs of e specimen of the batom s cegn
Tpusioen 20 Lineor houl-<taim chuurm e was sbimel
lor G, when the bl was below 20 KN thezt detonding
phenomenan taietvl subaagentte T Fiz. 3 e s
maesurel from dhe FRG sottsor O, aod e sbrain gnoge
wis very Clomeed lo each otfwer when the apploal boad was
Babon 1T KN Hlowever, while the bad was furber wersgs-
e Tt sifabel From Oy e fered fapadly, sowing we cdbiomd-
g al e nterlay Between fw cleos fther cmpsitey i
the ooncrete sarface Whee he ol o ppruchmg 30
kN svmable Jefrweling appuemd. 4 whadiw erzaon LFig. w)
witn aTudlly edreroed o e soctace where Gooamd G
wune wmbenesd amd vspmnded when the spplied Jead was
mereasesd. The stron vhaanknl tom G, deceesed when e
applaal liad was whneler tean 30 RN I8 o wspectad
I mecriecracking mocarmed a0 the oonerede sofecg [
conetehe serface wae detavhed] Trome e st fiber com-
it then the coretete serlice cmpnzees sadderds e
U FRG -wtimw G3 waw brokem. By companny Pz 5a
withe v L slress mcwsunad i Bolom serace s s
Ingher than that mumsumed a the newh-op, which o e

Fee n [he pruesmarms oo e o= wpensmeen



PR Choreral 7 Senvort wood Actuators £7 L1000 /915 15

pradicted high soess concenmaion reglon. The siress at the
nutch-iip region increzsed rapidly when e applisd fow
eacedle] 23 W, Clearly sbowing thar arecs concentration
exiyls when the applicd load was beyond a critical value,
wiiich depends on both mechanical and gesmerrical prop-
erties ol the romforcement.

3, Conciosion

[0 conclusion, we have demoostrated the we of 2
FWOCW multiplesed FBG sensor amay for intemel soain
menittring in @ concrebe sicteture spevimen stenglioned
with glass fiber compasites. The FEG sonsors wore used @
measute e stradins betwesn e oumposils /copcmis W
faces. andl revedsl hat signilcant difforence between the
strain ol Wfe composite S concieie miaiace and thar mea-
sured uf the strengthen surizees by wse af exiemnzl bonded
clevtrica] yougss. Il proves (ke uniges framere of FRG
serser for reab imcmal sTmin moRioning. Alhoagh we
demonstrzied 3 three-sensar syseEm in the present work. it
w theorheally passible @ muliples a faw s of TRG
semsory with the same nomina Bragg wavelengih, This
wauid ailow a laree number of poinis o te moniloned by
wie of o sngle source Sdstocinr unil.
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