Fatigue Behaviour of Steel Girders Strengthened

with Prestressed CFRP Strips

by
Farhad Vatandoost

A thesis
presented to the University of Waterloo
in fulfilment of the
thesisrequirementor the degree of
Master of Applied Science
in

Civil Engineering

Waterloo,Ontarig Canada, 2010

© Farhad Vatandoost 2010



| hereby declare that | am the sole author of this thesis. This is a true copy of the thesis,

including anyrequired final revisions, as accepted by my examiners.

| understand that my thesis may be made electronically available to the public.



Abstract

Steel bridges and structures often need strengthening due to increaskxds, or repair
due to corrosion or fatigue cracking. Thisesisexploresthe use of adhesively bonded
prestressedacbonfibre reinforcedpolymers (CFRP) strips in retrofitting intact steel girders,
through experimental and analytical investigatiofise first part of the research program
investigaes the behaviour of CFRBtrengthened steel beams comprised of W Structural
Sections (WB10® 74) with cover plates welded to the tension flan§& beams, 2000 mm
long, were tested undeydic loads to examine the effects of CFRP strip strengthening on
the fatigue life. The CFRP strip prestressing process, type of CFRP strip, level of
prestressingand the location othe CFRP strig were the mairparameters examined this

study.

Debondng at the end of strip wass significantproblem that can be controlled by applying a
proper end clamp. The maximum increase in fatigue life observed in the experiments was
125 percent, for a specimen strengthened using high modulus CFRP strips baodéée on
cover plates with the highest level of prestressing. An analytical model and a finite element
model were developed fanalyzing thestrengthened beams. A fracture mechanic analysis
was performed to investigate the effects of prestressing owrdlo& growth rates at the
critical weld toe The models were verified using experimental results, thed usedto
perform parametric studielt is shown thathe effectivenes®f reinforcement is greatekir

beams with strips on the cover plateigher CRP elastic modulus, and higher

prestressinglevel.



In general, this studgemonstratethat steel beams can indeed be successfully strengthened

or repaired usingrestresse@FRP material
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Chapter 1: Introduction

1.1 General

Many of our aging cyclically loaded steel structures, including bridges, buildifighore
platforms, large mining equipment, and towers, are in need of repair or replacement. This
requiremenfor structural rehabilitation is the result of severe deterioration undariice
loading conditions. A variety of factors can contribute to the deterioration of steel structures
over time, including: increasing traffic volumes and loads, corrosiopgtticular in marine
environments or resulting from the use ofide@g salts in winter), and lack of proper
maintenance. All of these factors, in combination with the presence of cyclic loads, can result
in metal fatigud a process starting with therfnation of micrecracks, which can eventually

grow into larger cracks sufficient to eventually cause structural failure. This problem, along
with the limited funding available for replacement of structures, has created a pressing need

for reliable and dwable systems for the strengthening and repair of these types of structures.

A number of conventional methods for the strengthening and repair of deteriorating steel
structures exist. However, each of these methods has potential drawbacks and limitations.
Welding or bolting steel reinforcing plates to existing structures is labour intensive and time
consuming. Welding is not always possible in the case of older structures and in newer ones
may result in new local stress concentrations from which fatiguk<rean eventually
initiate. Bolting can be inefficient, since the required holes result in a reduction in the area of
the original Ccross section. What 6s mor e, t
experience the same corrosion issues asothlgnal structure. For enhancing the fatigue

performance of existing welds, peseld treatment methods may be used, including
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grinding, dressing, and peening. While effective in delaying the propagation of small cracks,
these treatment methods are gelyeat no use in delaying crack growth beyond a crack size
of a millimetre or so. Based on these limitations, it seems that there is a need for better

methods for rehabilitating steel structures subjected to cyclic (fatigue) loading.

Advanced composite meials are arguably the newest materials to enter the construction
industry and their utilization is growing rapidly. Fibre reinforced polymers (FRPs) have been
recently researched and used for various structural applications including: increasing the
staic strength of structures made from lower stiffness materials such as wood and concrete,
fabricating entire new pultruded structural sections, and more recently for the retrofitting of
steel structures. A variety of reasons are given for the increaseaf &$&°s in structural
retrofitting applications. Among these are: their durability against corrosion, their limited
impact on aesthetic appearance, and their limited effect on clearances underneath retrofitted
slabs or girders. The flexibility and light Wit of FRPs makes their use appealing, in
particular when access is limited. The use of FRPs for the strengthening of metal structures

was first used in the aircraft indusirynitially on lower stiffness metals, such as aluminum.

The use of FRPs fahe retrofitting of steel structures has its challenges. Early FRPs had
stiffness properties lower than steel, thus severely limiting their efficiency. This problem has
been addressed more recently with the development of newer FRP products with elastic
modulii greater than that of steek > 200 GPa). High modulus carbon fibre reinforced
polymers (CFRPS), in particular, have received increasing interest for steel applications for

this reason.



Recent research on the use of CFRPs for the fatigue retrobftistgel structures has shown

that these materials have potential in this application. These studies have been limited for the
most part, however, to fatigue tests of reinforced specimens with fatigue cracks initiating
from regions of local stress conceation created by drilling holes or machining notches in

the steel. Fatigue performance improvements have been seen in most cases. However, these
improvements were modegt some cases, and the findings of these studies cannot be
directly extended to morpractical situations. A smaller number of studies have found that
the benefit of this retrofit can be significantly improved by first prestressing the CFRP and
then bonding it to the steel. This results in the introduction of compressive residual stresses
the steel, which can play an active (rather than a passive) role in slowing down the initiation
and growth of cracks. Until now, these studies have focused on applications involving riveted
structures. The application of a similar approach to weldesl steuctures has yet to be

investigated.

In this thesis, the development of a prestressing system for CFRP strips is described and a
fatigue testbased study of steel beams with welded cover plates retrofitted usiatygesed

CFRP strips is presentetihe investigated weld detail is a common one on older steel bridge
structures that is known to exhibit particularly poor fatigue performance. In addition to
fatigue testing, analytical and numerical models are used to determine the effect of the pre
stresed CFRP strips on the local stresses in the vicinity of the critical crack location in the
welded beams. The stresses obtained using these models are then used as input for a fracture
mechanics analysis. The fracture mechanics model is validated usirtgsthdata and

parametric studies are performed using the validated model.



1.2 Research Objectives

The objectives of this study are:

1 to develop a system for prestressing CFRP strips and appropriate procedures for

adhering them to steel surfaces for plaepose of fatigue retrofitting,

i to evaluate the fatigue performance under cyclic flexural loading conditions of steel

beams with welded cover plates strengthened usingtpFesed CFRP strips,

1 to develop analytical and numerical models for predictingsthess distributions in
CFRRstrengthened steel beams, including the residual stresses due to the prestressing

of the CFRP strips and the stresses due to externally applied cyclic loads,

1 to perform linear elastic fracture mechanics (LEFM) analyses ofcejlgl loaded

CFRRstrengthened steel beams to predict their fatigue performance, and

9 to perform parametric studies using the developed models in order to determine the
conditions under which the strengthening of welded cover plates withtnessed

CFRPstrips can be most effective in improving fatigue performance.

1.3 Scope

The scope of this study includes: experimental testing, analytical and numerical modelling,
and LEFM analysis to examine the usepoéstressedCFRP composite materials for the

fatigue retrofitting of steel girders with welded cover plates.

The fatigue tests are limited to the study of one steel beam geometry and fatigue detail (a

welded cover plate). All of the tests have been conducted under constant amplitude loading at



one stess range and stress ratio. Two CFRP grades and several prestressing levels are

investigated.

The analytical, numerical, and LEFM models employed hexsrused fothe prediction of
the test specimen behaviour afod parametric studieso extend the asults beyond the
testing conditions and identify the conditions under which the investigated retrofitting

method can be most effective in improving fatigue performance.

1.4 Organization

The following is a brief explanation of the thesis organization:

Chapter 2 presents a literature review on the static strength or fatigue retrofitting of steel

structures using conventional means or composite materials such as CFRP.

Chapter 3 describes the test specimens, procedures, and experimental program employed for

the CFRP gripstatictests and the retrofitted steel beam fatigue tests.

Chapter 4 presents the results of the experimental work including prestressing procedure

results and fatigue test results.

Chapter 5 presents the analytical and numerical modelliragknconducted for this thesis.
Specifically, the various modelling procedures and models are described. The models are

validated using strain and displacement measurements obtain from the fatigue tests

Chapter 6 presents the LEFM analysis conducted todmtethe performance of the steel
girders strengthened using FRP materials. The LEFM model is first described and then

validated using the available fatigue test resitgametric studies are then performed to



evaluate the influences of various paransetar the predicted fatigue lives of the retrofitted

beamsand to extend the results to other prestressing levels and girder depths.

Chapter 7 presents a summary of the thesis, along with conclusions resulting from the

experimental and analytical studesd recommendations for future work.



Chapter 2: Literature review

2.1 Introduction

In this chapter, literature on the rehabilitation of steel structures by conventional methods is
first reviewed. Then previous research on the use offBR8&trengthening of steel structures

is summarized. Specifically topics on static and fatigue strengthening, surface preparation,
bond issues, and durability of the reinforcing system are discussed in detail. Field
applications on the use of FRPs to sfthen steel structures are presented. The chapter
concludes with a summary of the key findings in the literature and highlights areas where the

current statef-the-art is still lacking.

2.2 ConventionalRetrofitting of Steel Structures

In general, a striare may need repair due to deterioration over time, change in design code,
change of usage, or increase in load spectra. In steel bridge structures, the deterioration of
the structural capacity over time may be due to corrosion, impact damage, atigl@ fa

cracking (Hollaway et al. 2002, Jones et al. 2003, Liu et al. 2005, Schnerch et al. 2005).

The conventional methods for increasing the static strength of steel structures typically
involve welding or bolting steel plates to the existing structuregrder to increase the
effective cross sectional area or the buckling resistance of the structure (Allen et al. 1980,

Bakht et al. 1979). Examples for retrofitting steel structures include the following:

1 welding cover plates to the critical flange aretbralge floor beams,

1 adding more bolts or substituting larger bolts when flange material is added,
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1 reinforcing bearing stiffeners by bolting or welding additional angles,

1 adding supplementary bolted or welded intermediate stiffener plates,

1 splicing webgo resist moment by adding plates, and/or reinforcing truss members by

adding adjustable bars or cover plates.

Compression members can be strengthened by adding cover plates, either to increase the
section moment of inertia, to convert unsymmetrical csestions to symmetrical ones, or to
reduce the widtto-thickness ratios of the plates that comprise the cross section, in order to

avoid local bucking and fully utilize the yield strength of the steel.

Conventional methods have associated construciabitil durability issues. In many cases,
welding is not a desirable solution due to the poor fatigue performance associated with welds
and the associated weld defects (Manteghi et al. 2006). Welding is labour intensive and can
only be performed by trainechd certified welders. Also, in older structures, the existing
steel may not be weldable, thus necessitating the use of bolted plates or some other approach.
Although bolted connections have better fatigue performance, they are not proficient from a
cost aml time point of view, due to the significant labour associated with the field drilling and
alignment of the bolt holes. There is also a cross sectional loss associated with drilling bolt
holes in existing structural membgemshich reduces the efficiency dhis rehabilitation
approach. The use of steel plates for reinforcing existing structures has the additional
disadvantage that the new steel plates may be just as susceptible to corrosion or fatigue as the

existing steel structure (Colombi et al. 2003b).



For increasing the fatigue strength of existing steel structures, steel plates may also be used to
increase the cross section area and thus reduce the applied stress range level. Several
alternative techniques have also been investigated for improvirfgtipee performance of

welded steel structures, including: hammer peening, burr grinding, and mechanized tungsten
inert gas (TIG) dressing (Colombi et al. 2003a,b). These ad | e dvelditpatsent

met hodso work by either ynandthuk yeducing the Btess we | d
concentration at the weld toe, removing midefects, or introducing compressive residual
stresses, which have the effect of reducing the growth rates of small cracks subjected to
cyclic loading conditions (Allen et al. 1980@owling et al. 2009). However, there are still

many unresolved issu@sgardingthese methods such as, labour costs, practical difficulties

due to use of heavy duty equipments and material weight, corrosion sensitivity and

inconsistency in section geomet

2.3 Retrofitting of Steel Structures using FRP Materials

The first use of fibre reinforced polymer (FRP) produats structural strengtheningas
Glass FRP (GFRP) reinforcement in reinforced concrete structures in thé&9%&td
(Rizkalla et al. 2003). Carbon FRP strips overlay have been used to strengthen metallic
structures such as aircraft in the edr38G (Armstrong et al. 1983). Since thesarly
application, many FRP materials with different types of fibres have been developed and used

in various civil engineering applications.

FRPs consist of fibores embeddedaimatrix. The fibre type and volume fraction are chosen

to satisfy strengthral stiffness design requirements, and the surrounding matrix facilitates



the transfer of the load among fibres, provides dimensional stability, and fibre support and
protection. Fibres used in composites can be categorized into three main types: cegbpn fib
inorganic fibres (i.e. glass fibres), and polymeric fibres (i.e. aramid fibres). The matrix is
typically epoxy, vinyl ester, or polyester resin. The matrix can be thermoplastic or partially
cured thermeset resin. The contribution of the matrix to thieength or stiffness of the
composite is usually minimal. According to Allan et al. (1988), resin selection controls the
manufacturing process, service temperature, flammability characteristics, and corrosion

resistance of the composite.

Advantages of FRs include: High strength to weight ratio, ligheight, ease of transport

and installation, thermal stability, excellent fatigue characteristics of CFRPs, electromagnetic
neutraity, andthe ability to tailor mechanical propertieand norcorrosivenessdirability).

FRP materials also have potential disadvantages sudbvasn-plane transverse strength
(shear strength), high initial cost in comparison to steel, low compression strength, low
elastic modulus (except for HHARPS), low fire resistance, dateation of mechanical

properties due to moisture absorptiangdsusceptibilityto creep and creep rupture (GFRPS).

The main differences among the available FRP products are the damage tolerance and the
fibre stiffness. The higher strength of carbondibeinforced polymers (CFRPcompared
with the steels is evident in Figure 2.1, while glass fibre reinforced polymers €#RP

Afi breglasso) haveRizallaeed.200d vely | ow strength
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Figure2.1. Typical stressstrain curves for FRP reinforcmigiRizkalla et al. 2003)

FRP materials are available in a variety of grades, according to the process by which they are
manufactured. In the context of this thesis, a CFRP material is classified to by its elastic
modulus. CFRP material with an elastic modulus value less thaofts&gel (i.e.E < 200

GPa) is referred as Standard ModulLtiSRP (SMCFRP), CFRP material with an elastic
modulus ranging between 200 GPa and 400 GPa is referred as High MO&&R&s(HM

CFRP). CFRP material with an elastic modulus larger than 400 GRteised to as Ultra

High ModulusCFRP (UHMCFRP). A detailed review of the different types of fibres and

resins used to develop FRP materials is reported elsewhere (Rizkalla et al. 2003).

Research efforts to examine the feasibility and effectiveness taffitteng civil steel

structures using FRP have generally focused on the following areas:

1 surface preparation,

1 static strength of tension and compression members,

11



i fatigue and cyclic load behaviour of retrofitted members,

1 bond of FRP strengthened stesid

1 durability and of galvanic corrosion issues

A brief summary of the key research findings in the literature is presented in the following

sections.

2.3.1 Surfacé@reparation

Proper installation o CFRP strip onto a steel surface is essential to enth& design
functionality and longerm performance of the strengthened member (Karbhari et al. 1995,
Shulley et al. 1994, Liu et al. 2005). To guarantee full utilization of the bonded CFRP strip,
surface preparation of the steel must be undertakenhtanea the formation o chemical

bond between the adherent (CFRP, steel) and adhesive. For this purpose, the active steel
surface must be free from contaminants and the weak layers removed. The best approach for
surface preparation is degrease the steghce and then sand blasting to remove any weak
exterior layers (i.e. millscale or corrosion) and increase the surface roughness. Any
remaining dust on the steel and CFRP surfaces should then be removed by vacuuming and
wiping. Solvents such ascebne are highly recommended to remove all possible

contaminants on the CFRP surface.

12



2.3.2 Retrofitting to Increase Static Strength

Early studies of bonded CFRP strips to steel structures for strength improvement were
mainly focused on static strength and stiffness increases. This is typidallyis needeth
upgrading applications to accommodate an increase in live lodcassedn the following

sections

2.3.2.1 Concret&eel Composite IGirders

Sen et al. (2001) irestigated the effect of bonding a CFRP strip to a steel bridge girder on its
static load capacitySix 6100 mm long W200 x 36 steel girddfQ = 310 0 0¢) acting
compositely with concrete slabs (710 mm x 114 mm) were tested. The girders were loaded
beyond their yield stress, unloaded and then repaired. The girders were repaired using SM
(standardmodulus)CFRP strips (2 and 5 mm thicl3trength gains of 21% and 52% for the
girders strengthened with 2 and 5 mm thick CFRP strips were observed, respethee
strength increases of similar wide flange steel beams™@ith 370 0 0 and strengthesd

with CFRP strips (2 mm and 5 mm thick) were 9% and 32%, respectively.

Tavakkolizadeh et al. (2003a) carried out an experimental investigation on CFRP
strengthening of steel bridge girders. They tested three 4780 mm long composite girders. The
steel sections were W355 x 13.6 and the conslatsswere 910 mm x 75 mm. The tension

flange area of the girder was reduced as shown in Figure 2.2 to simulate, 2d5000

percent loss of its tensile capacity. The specimens were repaired ViF&R strips with

an average tensile strength of 2,137 MPa, te

ratio of 0.34 andlength 0f3950 mm. CFRP cross sectionakas ranged from 9mny for

13



the girder with 25 percent loss and 4887 for the girder with 100 percent loss. Following

the strengtheninghe beams were tested in flexure to failure.

S [

(a) Complete (b) Partial cutting (c) Partial cutting of  (d) Web cutting
flange cutting of the flange width the flange thickness

Figure2.2. Various techniques ontroducing artificial damage to steel girders
(Edberg et al.1996 and Gillespie et al. 1996a)

It was found that the strength was not only restored but also increased by 20, 80, and 100
percent, using CFRP strip areas of 97, 290, and MB8, respectively, compared to a
calculated value for the intact (control) specimen. On the other hand, no extra gain in
stiffness was noticed, where the measured stiffness values were 91, 102, and 86 percent, of
that of the intact girder. It was also fourtat rupture of CFRP strip occurred in the girder

with 25 percent loss in tension flange and repaired witm@¥ of CFRP strip. The girder

having 50 percent loss in tension flange and repaired wittn280of CFRP strip failed by
crushing of the concretdad, followed by a limited debonding of the CFRP strip at midspan.
The girder with 100 percent loss in tension flange and repaired witm#@3of CFRP strip
exhibited complete debonding of CFRP strip. It should be noted that the change in failure

mode ofspecimens could be related to the degree of damage and the twe@ERP strip.

Al-Saidy et al. (2004), investigated the use of CFRP strips to strengthen damaged steel
concrete composite beams. A total of six stegicrete composite beams were testethis

study. The steel beams were W83 grade A572 structural steel. A composite concrete slab
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812 mm wide by 76 mm thick was used in all beams. The damaged beams were repaired
using CFRP plates with elastic modulus of 200 GPajimtthickness and 56hm width.

The elastic flexural stiffness of the CFRP strengthened damaged composite vba@ams
restored up to 50% of the undamaged bearhs. sSkrength of the damaged beams was fully
restored to their original undamaged state with the use of CFRP strength2uctility was

reduced by adding multiple CFRP stribewever, stiffness was increased

Dawood (2005) used UHMFRP strips with elastic modulus of 460 GPa to strengthen 3050
mm long concretsteel composite beams consistingadfV200x19 steebpecima and 525

mm x 65 mm concrete slab. CFRP end wraps were used to prevent debonding of the CFRP
plates. Substantial increases in both stiffness and strength of 46 and 66 percent, respectively,

were achieved. Rupture of the CFRP strips was the dominanefelodle.

Schnerch et al. (2005) developed a model based on strain compatibility and constitutive
material properties to predict the stiffness increase, ultimate strength increase, and failure
mode of reinforced flexural members. The study showed a signtitiéfness increase while
maintaining the ductility of the original section. The developed model was used to show the
importance of using high modulus (HM) strips to generate significant stiffness incilases

axial stiffness and rupture strength betCFRP strips were found to Ibeost important
parameters in the performancetbé strengthened system. To verify the model, externally
bonded HM and UHM-CFRP strips were used to strengthen two l@gme steetoncrete
composite beams. The beams camesiof W310x 45 steel sections ar@0 mmx 100 mm
concrete slabs. The modulus of elasticity of the-Hikd UHM-CFRP was 229 GPa and 457

GPa, respectively. A foypoint bending load configuration was used with a 6400 mm span
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and a 1000 mm constant momeegion. The CFRP strips were wrapped at their ends with
330 mm wide CFRP sheets, which were extended up on the web from both sides. The HM
CFRP strips increased the elastic stiffness and flexural strength of the beams by 10 and 16
percent, respectively. Qihe other hand, the UHMFRP strengthening (area of CFRP was

70 percent larger than the HEIFRP) increased the elastic stiffness and flexural strength of
the beams by 36 and 45 percent, respectively. Both beams failed by rupture of the CFRP

strips.

Schaeh et al. (2007) proposed a procedure to determine the increase in the live load capacity
of CFRP strengthened steel composite beams. The authors suggested that the combined
effect of the unfactored dead load and the increased live load should not ex¢eetl the

increased yield strength to satisfy the three conditions shown in Figure 2.3.

Strengthened nominal capacity, Py g

Strengthened ultimate capacity, Py s

/_——-UUnstrengthened nominal

capacity, Pyys

Load

Factored load, apPp + o P,

_ Py s
" Peus

Dead load, Py

¥ N ., ¥,

Deflection
Figure2.3. Calculation ofadllowablelive load for typicaktrengthenedbeam
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Also, the total factored load acting on the girdbould not exceed the ultimate capacity of
the strengthened member. It was recommended that the total increase in the unfactored load

acting on the structure should not exceed the ultimate capacity of-8teesngthened beam.

2.3.2.2 NorComposite IGirders

Miller et al. (2001) verified the effectiveness of CFRP strips overlay to restore losses of
stiffness and strength in deterioratemh-compositebridge girders. Four fulbcale American
standard steel beams (S24 x 80) 21ft long, taken from annexiddmaged bridge were
tested. All four girders were rehabilitated with CFRP strips bonded to the inner and outer
faces of the tension flange. The CF&Rps used were 37 mm wide, 5.25 rtivick with an

elastic modulus of 112 GPa and ultimate strength36f Pa. Increases in stiffness of 10 to

37% and 17% to 25% strength increase were achieved for the repaired girders and an 11.6%

increase in flexural stiffness due to the retrofit was achieved.

Linghoff et al. (2008) conducted a series of tests on CFRgitrened steel beams. They
tested five HEA180 steel beams of 1800 mm span ingoint bending. The beams were
strengthened with two HNCFRP strips of 80 mm x 1.2 mm attached to the bottom and top
sides of the lower flange. They found that the momena@gpincrease was limited by the
flexural capacity of the beam that was restricted to yielding of the compression flémege.
load carrying capacity of the beam dropped after the bottom layer of thR€FHRIP ruptured.

The maximum strength increase achiewes 20%.
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2.3.3 Retrofitting to Enhance Fatigue Performance

A steel structure subjected to cyclic load during its life may eventually experience significant
fatigue damage. For stresses above the fatigue limit a finite number of cycles leads to crack
propagation and eventual failure. New methods of utilizing CFRP to mitigate this problem
have been developed in recent years. Tests in this area have shown significant increases in
fatigue life of CFRP strengthened members by up to three times (Coloalb2803 Deng

et al. 2005, Jones et al. 2003, Monfared et al. 2008, Nozaka et al. 2005, Taljsten et al. 2008).

The following sections present the recent findimgthe literature.

2.3.3.1 NorPrestressed CFRP Patch on Tension Specimens

Jones et al(2003) performed several fatigue tests on edge notched and hole drilled
specimens. The specimens were strengthened with different types of CFRP strips (NM
CFRP, HMCFRP) and subjected to various cyclic load levels. The test specimen geometry

and the load rarggused in this study are presented in Figure 2.4.

37.8 N~0.4kN 37.8N~0.4kN
25.4 mm (1.0 in) 25.4 mm (1.0 in)
2,54 mm (0.100 in) 5.72 mm (0.225 in)
_______ l = /{60Degnes L:
0.64 mm (0.025 in) = %
8 St =gy BLen Biigh
37.8kN~0.4kN 37.8kN ~0.4kN
Figure2.4. Specimen geometries with edge notch and drilled hole and loading range (Jones
et al. 2003)
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Cold rolled A36 steel bars (yield stress of 3Pa), nominally 6.5 mm by 51 mm with a
length of 510 mm were used to make the speciménsonstant amplitude sine wave of 25

Hz frequency with maximum load of 37.8 k&hd minimum load of 0.4 kN was applied. A

total of 29 specimens were tested. The strengthening configuration had a 25.5 mm wide by
255 mm long CFRP bonded to each side ofexispen over the center hole and notch (crack
starter). Two types of CFRPs were used: SikaWrap Hex 103C and MBRACE CF130 with
elastic modulii of 65 GPa and 38 GPa, respectively. The CFRP bonded length was 255 mm
or 380 mm. The basic strengthening configorahad a 25.5 mm wide strip bonded to each

side of a specimen over the center hole or the notch (crack starters). In some specimens the
CFRP strip was split into 13 mm wide strips and applied on either side of the crack starters.
The following key finding werenoted (1) A considerable increase in the fatigue life of the
strengthened specimengas observedvith a maximum increase in fatigue life of 115%
obtained with two sided CFRP strip application. (2) The CFRP strips did not fracture. The
cracks propaated behind the CFRP strips and failure was by CFRP debonding followed by
tension failure in the steel. (3) Surface preparation, proper use of adhesive, and the method of
adhesive application can significantly change the behaviour of the test specimdn. San
blasting, vacuuming, and degreasing the steel surface were recommended. (4) Applying
CFRP strips to damaged steel specimens not only prolonged the fatigue life, but also delayed
the onset of fatigue crack propagation. (5) Fully covering the centre ésléted in an
increase in the fatigue life of the strengthened system about two times that of a specimen

with CFRP strips applied on either side of the hole.

Liu et al. (2005) studied the fatigue bond behaviour of CFRP to steel ingerfdwee layers

of high modulus CFRP (HMCFRP) and normal modulus CFRP (NBFRP) sheets were
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applied to each side of two steel plates with a structural adh@siakelite 420 as shown in

Figure 2.5.

CFRP Sheets

Smm

L |
L—ZIU T ,i, 210 1un "

Figure2.5. Schematic view of double strapmos between CFRP and plates (not to scale)

This adhesive is described as an extremely tough, resilient adhesive with adequate moisture
resistance. A total of twelve CFRP/steel joint specimens were designed and tested. CFRP
sheets, MBrace CF 130 with th&agtic modulus of 240 GPa and MBrace CF 530 with an
elastic modulus of 640 GPa, were used as a patch system in this test program. The specimen
was loaded in tension at different constant amplitude stress range levels to 0.5 to 6 million
cycles. The tensiotoads applied to such a specimen are carried by the bonding interfaces.
Depending on the elastic modulus of the CFRP, two failure modes were observed: (1)
interfacial debonding for NMCFRP, or (2) fibre breakage of HMCFRP. Based on the
results, it was aecluded that: (1) No fatigue failure occurred when the maximum applied
load was less than 40% of the static strength@$trengthened specimens. (2) The influence

of fatigue loading on the bond strength was not significant (less than 10%) if the maximum
applied load was less than about 35% of the specimen's static strength. (3) A reduction in the
bondslip stiffness was observed due to the accumulated damage caused by the fatigue

loading. (4) The fatigue failure modes were not significantly affectethdyange of applied
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stresses except for those bonded with high modulus CFRP, where fibres fractured in several

locations.

Similar results on retrofitting steel structures using a CFRP patch were reported in a study by
Zheng et al. (2006). In this study, the fatigue behaviour of six steel plates strengthened with
external bonded CFRP strips was investigated. The three mamgtars were: stress range,
strengthening method and stiffness of CFRP. The following finding were drawn from the
tests results: (1) Externally bonding CFRP strips to a steel structure with a fatigue crack can
dramatically increase the fatigue life of stgghened specimens by 155~580% over un
strengthened specimens; (2) The application of CFRP strips was more effective when higher
modulus CFRP strips were bonded to both sides of the steel plates; (3) Premature debonding
of the CFRP strip from the steairface was observed in specimens strengthened using low

elastic modulus CFRP.

Monfared et al (2008) at University of Waterloo found that the application of a CFRP
overlay on one side or two sides of a notched steel plate can increase the fatigusiliee rel

to that of an unreinforced specimen. The main CFRP system used was Sika Wrap Hex 103C
with a modulus of elasticity of 65 GPa, and thickness of 1.0 mm. Threeinforced
notched steel plates, and 18 notched steel plates reinforced with CFRP vwesteRasgue

life improvements in the case of one side CFRP overlay were in the order of 79% and 119%
for specimens tested at stress ranges of 144 MPa and 108 MPa respectively. Fatigue life
improvements in the case of both sides CFRP overlays 10é8%,94%, and 69% at stress
ranges of 108, 126, and 144 MPa respectively. It was also found that surface preparation and

the strength of applied CFRP overlay can significantly affect the systsrformance.
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2.3.3.2 NorPrestressed CFRP Patch on Beam Specémen

The fatigue life of steel girders was enhanced by using CFRP strips in a study by
Tavakkolizadeh et al. (2003b). A total of 21 specimens made of S12734.5 A36 steel beams

with 1.3 m long were prepared and tested. Unstrengthened beams were also testedlas c
specimens. Different constant stress ranges between 69 and 379 MPa were considered. The
used CFRP strip had an average tensile streng2\l87 MPa, tensile modulus of elasticity

of 144 GPa, and Poissonds r athicknesspdf1.2Zr m;h4 wi t h
The results showed that the CFRBRp overlaynot only ten@édto extend the fatigue life @t

detail more than three times, but also decreases the crack growth rate significantly.
Strengthened specimens experienced longer fatigus b¥éetween 2.6 to 3.4 times the
unstrengthened specimens for stress ranges of 345 to 207 MPa, respectively. The stable crack

growth rates decreased by an average of 65% as a result of strengthening.

In a study by Schnerch et al. (200WM-CFRP strips vith 450 GPa elastic moduls were
used to strengthen 6.4 m long full scale 310x45 W section steel beams. The authors found
that the a retrofitted beam was able to sustain three million loading cycles with a 20 percent
increase of the simulated live load lev&he beams exhibited similar performance to a

control beam which was tested at a lower loading range.

Nine smaliscale steel beams strengthened with CFRP strips were tested in fatiDeady

et al. (2007). The steel beams used were 1.2 m long Z&/UB13 with yield strength of

275 MPa. The flange surface that received the CFRP strip was sandblasted and the plate was
attached within 4 hours. The CFRP strips used were 3 mm thick and 400 mm long. The

adhesive used was a tyart thixotropic epoxy resin {@&dur31). The minimum applied
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load was 5 kN and the maximum applied load varied in order of 40 kN, 50 kN, 55 kN, 70 kN,
90 kN, 125 kN and 135 kN. A 30% increase in fatigue life was observed for the lowest load
range (5 kN~50 kN) applied during the fatigtestsA higher load range resulted alower
increase in fatigue life. The comparisof the number of the cycles torack initiation

showed a larger delay crack initiation forthe CFRP strengthened specimen.

2.3.3.3 Prestressed CFRFatch

Only a ew studies have examined the effect of prestressing on the behaviour of steel

structures strengthened with CFRP plates.

Colombi et al. (2003) examined the effects of prestressing in experimental and numerical
study. The effectiveness of prestressed CFRiRI®&d strips to arrest the crack propagation
was investigated otine notched steel plates shown in Figure 2.6. Five specimens were tested:
one control specimen, one reinforced specimen withprestressed CFRP stsiand three
specimenseinforced using pestressed CFRP stsigvere tested. The CFRP strips were Sika
Carbodur. The test variables included the thickness of CFRP strip (1.2 mm or 1.4 mm), the
modulus of elasticity of CFRP (174 GPa or 216 GPa)thegrestressing force. Abf the
specimens wertested under constant amplitudadingusing a stress range equal to 80 MPa

in the nominal section of the unreinforced specimen. The stress ratiR waf.4. By
reinforcing the steel plates with ngnestressed CFRP stripSika CarboDur S512 the
fatigue life of the specimens was increased by a factor of about Winde the maximum
fatigue life improvement for the prestressed CFRP specimen was about sixteen. A 2D plane

stress finite element analysis was used to model the steel plate, CFRRBr&lthe adhesive
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interface as shown in Figure 2.7. Shear spring elements were used to represent the adhesive
layer between the steel plate and the CFRP strip. The experiment conditions were simulated
in numerical modéing. The authors carriedut parametricstudies to investigate the
influences ofstress ratio (R), reinforcement, prestressing, CFRP strip strength, thickness of

strip, and adhesiveResults of the FEM simulation are shown in Figure 2.8.
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Displacement

Debond ‘ constraint

Composite |~ p 7 —_
adhesive [-doTm K, =R A ¢P¢:9/ 3 e

My -

W

ha
l/ o
x,u

Aa Aa |

Figure2.7. Schematic three layers model or elaminated plate, Colombi et al.
(2003)

25



14 —=— No patch Young's modulus £,

1.2 /-R=°4 —o—Patch gp=0 12 | e 100GPa
' /_/ —— Palch gp=632MPa ’/./’/ - :ggga
1.0 f— —— a
o 10 L— T ‘-:—1_%\\‘«——_._4»—/‘ . 300GPa
S os \o\_(/&}?:rm Tos \‘\_fd —+400GPa
':E ? | — —»— Steel only
- 06 ] €06 o
g | A=003 s
0.4 0.4
02
02 CFRP sirip CFRP strip
0.0 0.0
0 20 40 60 30 100 0 20 40 50 80 100
a (mmj a (mm)
. . . . R .
(a) strips with and without prestressing. (b) Young's modulus of CFRP strip
147 1.4
124 — 12 -
// . __’/ Thickness h?
- - ———— " Thickness h® P
1.04 e 10 Ho— e DASmM
I —= 1.2mm f g —=— 0.30mm
& 081 ——== —tamm % 98 = —— 050mm
T R e o t7mm & —— 0.80mm
B 06 e 2.0mm 5 06 —— 1.20mm
2 S‘te | onf = —e— Steel only
0.4 - Steelonly 0.4
] 0.2 .
o2 CFRP strip CFRP strip
00 0.0
0 20 40 80 80 100 4] 20 40 860 80 100
a[mm] a [mm]
(c) thickness of CFRP strip (d) adhesive thickness
14 )
1.4 Aoon Pre-stross ap Aspect ratio ¢/b
124 | — —0 1.2 —+— No debond
___4,;/ —— 400MPa o 1110
1.04 1 —632MPa __ 10 .
T “““\p_ f-p4 | ——BoOMPa I - 1’?
& 0.8 —_— —— 1000MPa £~ 08 /
& T— A=0.21 | —=— Acierseul § —— Steel only
£ 05 — TTe—— © 06
5 08 — " 00 T
= [ S— —f— ks =
= 0.4 4 — T 53— R=_015 0.4
TTTT——————+—+4—*h-0s
0.2 0.2
GFRP strip GFRP strip
0.0 0.0 ; - . ;
0 20 40 60 80 100 0 20 40 60 80 100
a [mm] a [mm]

(e) effect of prestress (f) effect of CFRP debonding
Figure2.8. FEM resultsnormalized SIF vs. crack lengt@olombi et al(2003)

The following findings, were reported: (1) Prestressing a CFRP strip prior to bonding
introduces compressive stress, which prevents further cracking growth by promoting the
crack closure effect. (2) The application of high stiffness prestressed CFRPbsimigbesd

perpendicular to the crack path modifies the crack geometry by bridging the crack lips. (3)

26



Prestressing reduces tb#ective stress ratio. (4) Shear deformation of the adhesive is not
negligible so that as adhesive thickness increases, thethtrmg efficiency reduces. (5)
Reduction in stress ratio for a cracked steel plate by prestressing promotes crack closure,
which is more important in the case of short cracks. (6) In long cracks, debonding at the steel

plateadhesive interface is thailuremode.

Taljsten et al. (2008) conducted a series of tests on specimens taken from an old bridge girder
to examine the influence of bonded prestressed CFRP plate on the static strength and fatigue

life improvement. A total number of ten plate specimens were tastsdown in Figure 2.9.

Figure2.9. Reinforced steel plate specimens configuration, Taljsten et al. (2008)

Test specimens were divided into five different configurations. The specimens configurations
based on the type ditrip (E or M), adhesive (S or B), thickness of adhesive=(
lor2mm), Prestressing forceRf, = 0,12, or 15kN) and applied stress rand67.5

MPa). Two types o€FRP strip were used : E 50 C (E) and M 50 C (M) with elastic modulus
of 155 GPa and 26GPa, respectively. The adhesives were BPE 567 (B) &ldhktic
modulus of 4.5 GPand Pox SK 41 (S) with elastic modulus of 9.87GHa& Swedish

standard SA21/2 for grit blasting of the metallic surface and acetone cleaning for surface
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preparation was esl. It was shown that the fatigue life of Rprestressed test specimens

was increased about 2 to 4 times vs. the control specireatressing the CFR$trip
reduced the crack propagation and extended the fatigue life of the test specimen to what
might be considered as rtout behaviour. The crack propagation rate and fatigue life was
found to be dependent on the strip stiffness and, largely, on the prestressing force. It was
noted that the prestressing effects can increase as the stress ratio (Ryeddckeas also
observedhat anyviolation of fabricationtolerancesxan unpredictably change the result and

lead to a very scattered fatigue life.

2.4 Bond of FRPStrengthened Steel

Debonding has been reported as a main issue associated with strieggtheel structure

using CFRP strips, especially when thick or multilayer CFRP strips are disedo the
resulting high magnitude of the applied shear force transferred to the adhesive layer. Because
of the high stress concentration at the ends of C&RpPs bonded to the steel surface, end
debonding is a critical failure mode. Controlling the end debonding is essential, particularly

in the case of prestressed CFRP strips.

Six failure modes can be identified in a CFRFsteel bonded systendependingon the
elastic modulus, type of adhesive used, and its thickness (Zhao et al. 2006) (see Figure 2.10).

These include:

(a) steel and adhesive interface failure,

(b) cohesive failure (adhesive layer failure),
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(c) CFRP and adhesive interface failure,
(d) CFRPdelamination (separation of carbon fibres from the resin matrix),
(e) CFRP rupture, and

() steel yielding.

{e) FRP rupture
(d) FRP delamination

¥

FRP

Adhesive (c) FRP and adhesive interface debonding

- (b) Adhesive layer failure
Steel — “—— (a) Steel and adhesive interface debonding

™ [f Steel yeikding
Figure2.10. Schematic view of failure modeghao et al(2006)

For normal modulus CFRP, with E = 100~26P4a, failures usually occur due to mode (a)
and (b) but for a high modulus CFRP, with E > 250 GPa, failure mode (e) is more common.
Using a thin layer of adhesive tends to cause failure mode (b). However a thick layer of
adhesive tends to cause failure médle Failure mode (d) is a more brittle failure than mode
(b). Ensuring a sufficient steel plate thickness can avoid the occurrence of failure mode (f).
The most desired mode of failure is mode (e) corresponding to the maximum strengthening

efficiency.
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Several researchensveconducted experimental studies to investigate the bond behaviour of

the CFRP to steel interface by using flexurabaral tension tests.

Nozaka et al. (2005) examined five adhesives to bond CFRP to steel. They found that the 3M
DP_460 NS adhesive and Fyfe Tyfo UC CFRP strips achieved the highest strain in the CFRP
at failure. The most effective bond length is the shortest one that ®abéximize the load
transition into the CFRP strip. Uniform yielding and high ductility tlgioout the adhesive
layer are required to redistribute the stresses successfully within the adhesive layer to avoid

debonding.

Schnerch et al. (2006) conducted an experimental study to investigate the effects of adhesive
properties on the performance oFRP strengthened steel members. Various types of
adhesives were used to examine the bond behaviour and development length of CFRP strips
bonded to steel beams in a four point bending test. The development length increased by
varying the adhesive type adlovs: Weld-On SS620, SP Spabond 345, Vantico Araldite
2015, Jeffco 121, Fyfe Tyfo MB and Sika Sikadur 30. It was also observed that a suitable
surface preparation by cleaning the CFRP strip’'s surface with acetone and sandblasting the

steel surface redus¢he development length and prevents undesirable debonding failures.

In a study on the bond and splice behaviour of CFRP strengthened stegkbagteted by
Dawood et al (2006), three parameters were investigated: (1) the length of the CFRP strip,
(2) the geometric configuration of the strip ends, and (3) the use of an additional clamping or
transverse fibre wrap to act against theayplane sress at the end of CFRP strip known as
peeling stress. High modulus HEIFRP strips, produced by Mitsubishi Chemical Inc, were

used to strengthethe steel specimens. Proper surface preparation consisting of sandblasting,
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vacuuming and wiping the steel @nCFRP surfaces was performed. The epoxy was left to
cure for 12 hrs before testing. Doultdg shear coupon tests and beam tests were carried out.
Figures 2.11and 2.12shows the key findirgjof the study. The typical debonding failure is
shown in Figure2.11(a). The calculated shear and peeling stress distributions are shown in
Figure 2.11(b). Figure 2.B(@Q) and Figure 22(b) show the different geometric
configurations and the transverse wrapping that were used to reduce premature debonding. It
was fourd that introducing a reverse taper at both endsthedentre of the splice joint
increases the capacity of the bond joint by two times through eliminating the abrupt geometry
changes, which introduces the local stress concentration. Using a reverseotapsed end

taper or steel clamps at the end of CFRP strips increased the capacity of the CFRR bonded

steel joint up to 80% by mitigation of peeling off action.

Adhesive Stress

>
CFRP
A B ADHESIVE
g ~— STERL
(a) Peeling off action ahe end of CFRP (b) Adhesive shear and peel stress
strip) distributions in the adhesive joint along
the path

Figure2.11 Findings of the study by Dawood et 2006
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(c) (1) square, (2) tapered, (3) rounded and (d) Transverse fibre wrap
(4) clamped plate ends.

Figure2.12. Findings of the study by Dawood et 2006

From the above, it is evident that strengthening a steel member using bonded CFRP strips,
requires special attention to avoid the CFRP debonding failure mode. A proper surface
preparation is very important. The critical location of debonding is the vesg ¢b the end

joint. Thus, controlling the shear and peel stresses at the end of the CFRP strip are essential

for having a good performance for the strengthened members.

2.5 Durability of Steel Structures Retrofitted with FRP

In spite of the excellentesistance of FRPs to corrosion and chemical attack, the steel in
contact with the adhesive may be attacked by-tengn exposure to moisture especially in
conjunction with the salt resulting from -@t@ng of roadways or ocean spray (Brown et al.
1974). Mosture diffuses through the adhesive layer to the substrate surface at the edges of a
joint leading to a reduction of the joint strength. Humidity in conjunction with high
temperature were found to significantly degrade the bond durability of FRP repaieéd s

aircraft wings (Armstrong et al. 1983). Shulley et al. (1994), investigated the durability of
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bonded FRP strengthened systems using the wedge test method (ASTM;U3376Re
different types of carbon and glass fibres were subjected to variousreneintal conditions

(hot water, freezing, freeze/thaw, salt water, and room temperature water) for a period of two
weeks before initiation of the wedge test. The tests showed that the GFRP reinforced systems
had a more durable bond with steel than CFRRfomed systems. Low temperature
exposure had the least significant effect on the performance of the reinforcing systems. The

most durable bond systems were those subjected tozesnlenvironment.

It was suggested that the use of adhesion promotefs asicSilanes may increase the
durability of steelepoxy bond without affecting the initial bond strength (Bisby et al. 2003,

Brown et al. 1974, Karbhari et al. 1995).

Galvanic corrosion happens when a direct electrical contact exist between two adherents,
which have anodic and cathodic potentials with corrosion taking place on the anodic metal
surface. In a composite CFRiReel joint, steel plays the role of the anode and the CFRP acts
as the cathode so that a high potential for galvanic corrosion éxXest#olytic solutions like

water with salt, acid, or combustion products promote corrosion of the joint. Corrosion of
CFRP bonded to metals in saline environments for different types of metallic subsurface was
examined by Brown et al. (1974). Specimensenibricated by either bolting the CFRP
laminate or bonding it with epoxy resin to aluminum, steel, stainless steel, and titanium
plates. To accelerate the corrositre specimens were placed in a continuous fog of neutral
sodium chloride solution at @mperature of 350°C for 42 days. No deterioration due to
accelerated corrosion was observed for the adhesively bonded specimens, while a more

severe deterioration was observed for the bolted specimens. Tavakkolizadeh et al. (2001)
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examined how the thicknesof epoxy can change the corrosion durability of the bonded
CFRP reinforcing system. Test results showed that applying a thin film of epoxy coating (0.1
mm) decreased the corrosion rate in seawater by sevenfold, relative to specimens with direct
contact (.e. no epoxy) between steel and CFRP. Furthermore, by applying a thicker epoxy

coating (0.25 mm) the corrosion rate was decreased by 21 times.

New methods to mitigate corrosion of the CF&®el composite include: selection of an
adhesive with good isolanh properties (Zhao et al. 2006)sing thicker epoxy, water
resistant sealant, a n@onductive barrier plus a sealant bonding a GFRP layer before

applying the CFRP layer onto the steel surface (Dawood et al. 2006, Allan et al. 1988).

Other durability issues such as creep and exposure to extreme temperatures, ultraviolet light,
or fire can also have significant effects on the response and durability of the FRP
strengthened member. Intentional temperature increases up to a certaircdevéle
employed as a beneficial pegire procedure for the FRP composite and adhesive. However,
very high temperatures can increase the sensitivity of bond to moisture penetration and

galvanic corrosion (Bisby et al, 2003).

All structural materials undgo some degree of mechanical degradation when exposed to a
severe fire. For FRIRetrofitted structures under fire, particularly steel structures, the resin

can lose its ability to protect the fibres and transfer loads between them. In addition to
degradabtn within the FRP composite itself, the bond between the FRP and the substrate will

eventually fail and expose the member to the full fire effect. Supplementary insulation
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systems can, however, significantly improve the FRP performance at high temperatures

(Dawood et al, 2006).

2.6 Field Applications

Table 2.1 summaries the examples of field applications involving the reinforcment of steel

structures using CFRP reported in the literature to date.

Table 21. Field application

PROJECT INFORMATION SYSTEM DESCRIPTION PICTURE
(REFERENCE)
Steel bridge girder Externally postensioned

strengthened in the field | CFRP rods. The anchorag
assemblies were bolted ta
Phares et al. (2003) the webs of the beams.

Steel bridge girder Bonded CFRP stripapplied
strengthened in the field to the inner side of a W

Pharest al. (2003) section steel girder.
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PROJECT INFORMATION
(REFERENCE)

SYSTEM DESCRIPTION

PICTURE

Slattocks Canal Bridge, a
historic steel bridge in Uk.

Hollaway et al. (2002)

Upgradedbridgeusing
bonded CFRP Strips.

The upgrading maintaineg
the navigable clearance
required for the canal.

Upgrading of a principal
curved beam, Nottingham,
UK.

Hollaway et al. (2002)

Strengthening a damagec
steel girder using CFRP
sheet wrap around the bea

Composite steetoncrete
bridge (Hythe bridge) in
UK.

Hollaway et al. (2002)

Prestressed CFRP strip
overlays applied to steel
concrete composite bridge

Christina Creek bridge,
Newark (New Jersey State|

Miller et al. ( 2001)

SM-CFRP strig bonded to
the outer face of the tensio
flange along the girder spa
Tapered CFRP strips at th

ends.
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2.7 Summary

Using bonded CFRP reinforcement is as a very promeopgoachfor retrofitting metallic
structures. Durability, debonding prevention, developing liegon, and design are
challenges preventing their wide spread use. Steel surface sandblasting, vacamehing
wiping the CFRP surface are effective to prevent debonding along the bond interface. End
transverse wrapping, tapering and/or the use of aigdlysnd clamp are recommended,
especially in the case of prestressing the CFRP. Previous resdanals a significant
increase irthe static strength and fatigue lifé €FRP strengthened steel members. Stiffness
increases can be achieved only when ai@gafftly high CFRP reinforcement ratio is used.
However using a high reinforcement ratio may be an uneconomical solaticherstudy
focusng on actual steel structures such as bridge girders strengthened using prestressed
CFRP reinforcement is requiteto develop optimal reinforcing procedure and design
methods The use of prestressed CFRP strips has been examimmévious studiesand

found to be a highly effective approadbeveloping a proper and practical prestressing
procedure andnethod for prdicting the fatigue life improvement are the main conserh

the currenthesis
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Chapter 3: Experimental Program

3.1 Introduction

An experimental research program was conducted to investigate the performance of steel
beams retrofitted using carbon FRP (CFRP) plates subjected to flexure fatigue loads. The
program consistedof six specimens: one control anfive reinforced specimens. h€
specimens consisted of W Structural Section (W310x74) steel beams strengthened using two
CFRP plates. Two different typef CFRP were examined. The steel beams were stiffened
using two welded cover plates on the bottom flange. The test parametedepeshsvere the

effect of prestressing level, location of CFRP stapd CFRP modulus. The CFRP strips

were prestressed using special fixtures that were mounted at either end of the steel beam. The
specimens were instrumented by strain gauges, LYBi& bad cells. All specimens were
tested in fowpoint bending under fatigue load$o investigate the effectiveness of
prestressed CFRP increasing thdatigue life of steel beam3he level of prestressing was
decided based on the results of studies dwné¢he strengtheningpf steel members using
prestressed CFRP strips (Colombi et28l03 Taljsten et al. 2008)The maximum stress in

the CFRP strip including the stress due to prestressingatigdetest should noéxceedhe
ultimatestrength of CFRPtsp. In addition, the prestressing level was limited by debonding
issues, as discussed in Chapter 4 of this tAdgstest specimens adescribedn Table 3.1.

The specimen nomenclature used to identify the specimens during the study is as follows:

The first number refers to the level of prestressing stress as a percentage of the ultimate

strength of the CFRP strip. The second letter refers to the locatibeagplied CFRP strip
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AFO I ndi c at sasebondedatd thetinmez side dbfthe fleng and A CoO i

ndi

the strips areattached to the cover plate. The last notation refers to the elastic modulus of the

CFRP strip used.

CFRP strip with moderate modulus equa2i® GPa.

i So

S

C a

a CFRP GsPtar iapn dwiftMo a

Table 31. Test matrix

Test| Specimen ID| % Prestressing Type of Strip| Loading| Loading Rang€kN)
1 Control 0% -- fatigue 32-280
2 14%F-M 14% M fatigue 32-280
3 15%F-S 15% S fatigue 32-280
4 35%F-M 35% M fatigue 32-280
5 0%-C-M 0% M fatigue 32-280
6 37%C-M 37% M fatigue 32-280

* Prestressing stress as a precentage of ultimate strength of CFRP strip
** Modulus of S strip = 165 GPa, Modulus of M strip = 210 GPa

The following sections of this chapter present the properties of the materials used to fabricate

the specimens, details of

the fabrication processes,

testing configurations,

instrumentation. The laboratory testing are presented in Chapter 4.

3.2 Materials

This section describes the properties of the various materials used in the experimental

program. A hotrolled steel Wsection and two different types of CFRP plates were used.

3.2.1 Structural Steel Beam

W310x74 hotrolled sections of weldable stgdlype 350W) were used. A schematic of the
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cross section and constitutive model of steel specimens are shown in Figure 3.1. The nominal

yield and ultimate strengths of the beam were 350 and 450 MPa, respectively.

205 mnf
i Os

it o i

Er W 310x74

o _ Gu=450 MPa
! 3 < A = 9430 mm ) e
m mm - 94 mm | = 164X16 mm ..-"‘ G}r:jSD MPa

E = 200 GPa /13

! s g } | < =
L —L

Figure 31. Sectiongeometric anshominalmaterial properties

3.2.2 Carbon bbre ReinforcedPolymer (CFRP&rips

Two types of pultruded CFRP strips were used (Sika Canada Inc., 2009). The first type was
Sika CarboDur M514 with strip width of 50 mm and 1.4 mm thickness. The second type was
Sika CarboDur S512 with a strip width of 50 mm and thickness of 1.2 mmcofkgtutive

properties of CFRP strips as reported by the manufacture are shéiguiia 3.2

Ocip

Gu=12805 r ~En=210GPa

Cu=2520

" Es-165GPa

€ efip

B—
J—

£u=0,002[m
£4=0017

Figure 32. Tensile stress vs. strain of the CFRP strip
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The actualelastic modulus and poison's ratio of the CFRP strip waleulatedusing the

strains recorded during the prestressing procedure. See Appendix A for details.

3.2.3 Epoxy Resin

An epoxy resin, commercially known as Sika@®@r (Sika Canada, 2009), was used to bond
the CFRP strips to the steel surfathkisis essentially @hixotropic adhesive mortar based on
a twocomponent solvent free epoxy resin. The mixing ratio by weight is 3Cbwiponent

A (resin) andComponent B (hardener).

3.3 Test Specimen

The specimen was designed according to the steel structures design AOHEIB-S16

01). The test specimen was a W310 x 74 steel beam, with two 500 x150 x 12 cover plates
welded on the beam flange (as stiffeners) as shovigiure 3.3 The size of the specimen

was selected according to the load capacity of the test framek{2P@nd the loading
arrangement (Figure 3.4\ | oad r ange of0.1)aBs usedRibldad reknge ( R
corresponded to a tensile stress range of 95.3 Wia.specimen configuration represents a

load fatigue detailGategory & in CAN/CSA-S1601).
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500 x 150 x 12 plates

Beam (W 310 x 74)

2000mMmA—————————————————— )

Figure 33. Specimen configuration

<+

P/2 P/2

400mm

2000mm

Figure 34. Schematic view of the loading arrangment
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Consequentlythe number of cycles to failureomputedusing the fatigue constants for

Detail Category E was determined to be about 435000 cycles.

3.4 Prestressing System

Five of the test specimens were strengthened using CFRP strips. The specimen configuration
allows two possibilities of CFRP strip application: (1) on the cover plates and (@eon
flanges. To prestress the strigsself supporting prestressing system that mounts onto the
beam was designed. Surface preparation was carried out for better domsdting of
sandblasting the steel surface and wiping the stigen withacetoneThe beam was placed

in the self supporting system and the epoxy was applied onto the strips and steel surface. The
strips were gripped at either end using a clamp anchor. The prestressing force was applied
gradually using a hydraulic jaclknd it was bld for five days while the epoxgured The
prestress losses were recorded for three days after releasing the prestressingtface to
beam. The components of the prestressing system and the prestressing procedure are

described in detail ithefollowing sections.

3.4.1 Gripping Tests

Gripping tension tests were carried out to examine the efficiency of the end grips that were
used to maintain the tension force in the CFRP strips during the prestressing processes. The
grip was a clamped anchor consisting wb tsteel plates, aluminum sleeyasd six bolts

three on either side of the CFRP strip. The anchor was used to grip two CFRP strips at one

time. Based on trial and error, the optimum gripping force required to prevent sliding of the
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CFRP strip was foundtbe 25.45 kN(equal to 70Mi torque per bolt). Latethe aluminum
sleeve was replaced by sandpaper (@) to act as a soft material sandwiching the CFRP
strip and providing load transfer by frictio®eeAppendix A formore details regarding the
gripping tests.

3.4.2 Prestressingystem

A schematic view of the system used for prestressing the CFRP strips is shHogurén3.5

Fixed End Grip

Jacking End  Hydraulic JTack

Cover Plates
aaa e T

% EFRP strip

Beam Specimen

"Adjusting Bolts Adjusting Bolts ™~

Figure 35. A schematic view of prestressing system

The prestressing system consisted of anchorage blocks at both ends of the beam. The
anchorage blocks were firmly fitted onto the beasing adjustable bolts. The strips were
anchored using clamped anchors (Section 3.4.1). The dead and live end ancéluos/ane

Figure 3.6 The prestressing force was applied using a hydraulic jack mounted on the main
rod connected to the live anchorage and two side rods were used to adjust the applied load in

the strips and to lock the force in the strips after prestgssi
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(a) Dead end anchorage (b) Live end anchorage

Figure 36. Prestressing anchor configuration

Three load cellsone on eaclwelded rod to the live anchowere used to monitor the
prestressing force during and after prestressing process. The assembled prestressing system
including the end clamps used to prevent debondingharenin Figure 3.7or both cases of

strip applicabns, on the flange and on the cover plates.

(a) Completed prestressing system for the  (b) Completed prestressing system for the
strips on the cover plates. strips on the inner side of the flange.
Figure 37. Theassembled prestressing system
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3.5 Prestressing Procedure

The prestressing process including the prestressing, curing the epoxy, load release and

relaxation are discussed in this section.

The surface preparation is an essential step for an effective bbadidn&. As mentioned in
Chapter 2, proper surface preparation is required to prevent premature CFRP debonding. For
this purpose, the steel surface was sandblasted to increase the friction and improve the bond
between the epoxy and steel surface. The C&Rps were carefully cleaned with acetone

prior to applying the epoxy. The epoxy components were mixed according to the
manufacture's data sheet. The thickness of the epoxy plays an important role on the bond
behaviour Epoxy thicker than 2 mm reduces thend strength and a thinner layer is not
practical. For this purpose an epoxy spreathewn in Figure 3,8vasfabricated andised to

apply the epoxy.

3 mm Aluminum Plate

5mm

‘ 50 mm ‘

Figure 38. Epoxy spreader

The triangular shaped profile ensures a uniform epoxy layer after the excess epoxy is

squeezed out by clamping the strips on to the steel Hegoré¢ 3.9a)).

The prestressing sequence on the beam specimen is illustr&igdna 3.10
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Epoxy Speader R

(a) Application of epoxy on the strip (b) Clamped strips to the beam after

prestressing
Figure 39. Prestressing prepratigmoccess

CFRP stnip
[

A AP B A A o A A5

Beam

(a) Stage 1: @ prestressing

CFRP strip

i

—»  «——

H e, P R e S S 29

Beam
«—T—>»

(b) Stage 2: @ release

CFRP strip

: — g M

I e e s W P e o T

]

Beam
«— T—»

(c) Stage 3: @ three days relaxation
Figure 310. Prestressing stages
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The prestressing process involved three stages: (1) prestressing the CFRP strips, (2) releasing
the prestressing force to the beam,glB)wing three day®f stressrelaxationprior to testing

To maintain equal prestressing force in both CFRP strips, two side bolts were used to adjust
the applied force during prestressingigure 3.11shows the jacking end (live end)
configuration. Prestressing the strips wasealam steps by loading the two strips using a
single hydraulic jack. At a certain prestressing force (~15 kN) the side bolts were tightened
and the load was released to the strips by unloading the hydraulic jack. The istithie

strips were adjusted ttné same level using the adjustable bolts. The step loading process
was repeated two or more times until the desired prestressing force was adridoadng

this, the jack was totally unloaded and the side bolts were tightened.

Adjusting bolts &load cell

Figure 311 The jacking (live) end details

The prestressing force versus time history for fallr prestressedspecimens, except

specimen 35%-M, are plotted irFigure 3.12
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(c) Load vs. time history during prestress{Bg%-C-M)
Figure 312 Step loading procedure

Due toa poweroutrage,the data for specimen 35fM were lost. The first specimen was
prestressed to 60 kKN per strip (35% of strip ultimate strength) as shdviguire 3.12a).

The prestressing force draggb dramatically because of an improper end anchpvelgeh
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was modified fothe next specimens. The target loads were 26 kN and 62 ktkddis% F-
S specimen anthe 37%-C-M specimen, respectively. As shownHRigure 3.12b) andFigure

3.12(c) the targeloads were achieved successfully.

The strips were clamped along the strip/epoxy/steel bond line for five days to cure the epoxy.

(Figure 3.13.

- (A

Figure 313. CFRP strip clamped to the beam after prestressing

After 5 days, the prestressing force wateased to the beam specimens by loosening the
bolts in both end anchorages. The load release process tended to be very critical for
specimens with higher prestressing levels. No significant losses at the CFRP strip end was
observed for specimens 14%4M and 15%F-S while significant losses was experienced for
specimens 35%-M and 37%C-M. The epoxy bond line was susceptible to premature
failure when the load was released very rapidly as showkigare 3.14 According to the

literature on the bond behawr of CFRP strip to steel interfag;&€ontrolling the oubf-plane
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peelstress, and the shear stress at the ehdtripsis very critical for maintaining the bond

(Schnerch et al., 2005).

Figure 314. A total debonding as the resultrapidload release

To mitigate this problema clamping system was applied at the end of the shoipsill
specimens, as shown in Figure 3.1®,reduce the owf-plane (peel) and shear stress
during load releaselThe required pressure to alleviate theel/shear stress was applied by

clamping the end of the stripphis systentemained on the specimens durthgfatigue test.
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Figure 315. End clamps to mitigate shear and peel stresses

A calibrated torque wrench was used to tighten the bolt and nectmuapplied force. For
example the peel stress for specimen 34 was numerically determined to be 45 MPa
(Chapter 5). However, thtensile strength of the epoxy is 25 MPa (Sika Canada, 2009).
Therefore, a clamping stress of 20 MPa corresponding To5 184t torque is needed to
mitigate the premature debonding. The clamp configuration is illustratedure 3.16

S50kN 50kN

Clam& "_L rr'_l L /C‘lamps

e

[ pows
CERP Strip “CFRP Strip

S50kN || 50 kN

Figure 316. End clamp configuration

Using the clamps at the ends of the strips prevented the debpbdirgjraintransfer to the
epoxyat the strip endwasrecorded. Similar trends for the straiansferat the ends of strips
were observed during release of the prestressing force. As sholiguire 3.17 for the
specimer85%-F-M, the straintransferat releasevasmuch higher at the dead end than at the
live end. The load was released very slowly at the live end by gradually releasing the
pressure on the hydraulic jack. The load released at the dead eadhieasedby loosening

the anchorage bolta/hich resultedn the sudden loss of straisee curveA in Figure 3.17.
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Figure 317. Straintransferat thestrip ends at release for specimen 359

To mitigate thedebondingat the ends of the strips, fixed clamped anchors showigimre
3.18 used at the strip ends for specimen 3Z%l. As a result, nanajor straintransfer was
recorded at the dead end and the sti@nsferat the live endvasreduced significantly as
shown in Figure 3.19. The strairansferat the live end fospecimen35%-F-M was 75%

compared to 33% for specimen 37C4M.

Figure 318. The fixed clamp anchor used for specime&pe3C-M
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Figure 319. Strainsat the strip ends during load reledsespecimer87%C-M

3.6 Test Setup

A special loadingrame designed for fatigue tests was used to test the specimens as shown in
Figure 3.20. The maximum loading capacity of frame is 290 kN (static load). A sinusoidal
cyclic load range of 252 kNF,ax = 280 kN andP,,j, = 28 kN) with a load ratio of R = 0.1

was applied. The loading frequency was set at 0.8 Hz and the sampling frequency was 10

reading/sec or 10 Hz. to capture the load peaks.

Figure 3.20. The loadinfjame
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The specimens were tested in flexure in a four point bending configuration with a span of
2000 mm between the centerline of the supports. The distance between the two apgdied loa
was 400 mm. The loads were applied using a stiffattionsteel spreader beam. The two
point loads were applied over two transverse steel plates, which covered the entire width of

the specimen. The test setup is shown in Figure 3.21.

(b) Test setup for the specimens strengthened using strips on the cover plates

Figure 321 Test setup

Steel rollers were placed between the spreader beam and each of the steel plates. The
specimen was supported on a roller support at one end and a hinged support at the other end
(Figure 3.22. Both supports were elevated using heavy HSS satabs to accommodate

the expected large deflection at midsparsttongHSS vertical post was mounted under the
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specimen for safety purposédie specimens were loaded under stroke control. The details

of the test setup are shown in Figure 3.23.

Rollers

(b) Simple support (c) Roller support
Figure 322. Test setup and support configurations

Figure 323. Specimen in the loading frame
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3.6.1 Instrumentation

Two LVDTs were placed at both sides of the girder, at midspan to measure the vertical
deflection as shown in Figure 3.24. Due the very small predicteddeflection for the

specimens, the LVDTs were calibrated fomaximum deflectia of 4 mm.

: : \'I L
Figure 324. LVDTs at the midspan during fatigue tests

The longitudinal strains along the steel girder and CFRP plates were measured using 5 mm

l ong 120 q electrical resistance strain gau
steel surface at midspan, as showirigure 3.2%a). Several strain gaugegere attached to

the CFRP strips, and are spaced as shown schematicBltyuire 3. 2%b). The strain gauges

are numbered as depicted in Figure 3.26, Figure 3.27 and Figure 3.28. The strain gauges
located on the steel beam are denoted with (GB#) antdeo@FERP strips with (GS#). The

data measured by the strain gauges, LVDTs, load and stroke of the loading machine were
recorded using a Data Acquisition System (DAS). The DAS recorded the load, stroke and

LVDTs readings through a higkvel input card withan accuracy of £5 mV. Strain gauge
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readings were recorded through a strain gauge card with an accuracy of £ 5 mV. The test data

wascollected and stored usitige computerprogram LabVIEW.

(a)Strain gauges on the beam (b)Strain gageson the strips
Figure 325. Straingauges on the beam and strips

Cover Plates

GB1 F

- \
Essseaz E
- -

Figure 326. Location of strain gauges on the beam

1600 mm
0 mm

=150 mmA00mm

CFRP Strip #1

GS1 GS2 GS3 GS4 GS5

CFRP Strip #2

] GS6
Jacking end Dead ent
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Figure 327. Location of strairgauges on the CFRP strips attached to the flange.

1200 mm
CFRP Strip #1
‘ GS1 GiT3 GS4 G5
CFRP Strip #2
GS6
Jacking end Dead end

Figure 328. Location of strain gauges on the CFRP strips attached on the cover plate
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Chapter 4: Experimental Results andDiscussion

4.1 Introduction

This chapter presents the results of the experimental program. A tetalstéel beams were
tested: one beam was unstrengthened, one beam was strengthened wpthstreased
CFRP strips and four beams were strengthenedpuitbtressed CFRP. The Rgrestressed
CFRP strips were placed on the cover plates at the outer flange of the strengthened specimen.
For the prestressed strengthened speciménse beams wereeinforced withprestressed
CFRP strips on the inside facetbe flange and one beam wasnforcedwith prestressed
CFRP strips bonded on the cover plates. The prestressing and load release results are

presentedirst, followed by the fatigue test results.

4.2 Prestressing and Load Release Results

This section prsens the results of the prestressirand load release steps, including

measured strairendcalculatedshear stresses for all prestressed specimens.

4.2.1 Prestressing Strains

The tensile strains in the CFRP strips along the beam are presented for three stages: 1) at
prestressing, 2) ahe timethe prestressing force was released to beand 3) three days

after release of the prestressing forBased onexperimental observain of prestressed
specimes monitored to measure tharain losses after load release, the msisigificant

losses occurred within three daykprestressingelease. Consequently, to accounttiore
dependent lossester load releasall specimens wermonitored for three days to measure
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the major possible losse®ased on specimen configuration, material propertsexd
prestressing level, theme dependent lossese thought to benostly due tocreepof the
epoxy and amallamount ofelastic shortening-or simplicity, all the lossesre referred to

herein simply as fAl osseso

Thecorrespondingtresses were calculated using equation (4.1).

A % R (4.1)
where the elastic modulyg) for type M-CFRP is 210 GPa and for typeCFRP is 165 GPa.

In this section, the results from 1584S, 14%F-M, 35%-F-M, 37%-C-M are discussed.

1) Specimen 15%-S

The strain profile along the strips for specind&¥o-F-S is shown irFigure 4.1 1t is evident
that the maximumransferof prestressing straito the epoxyoccurrednearthe end of the
strips, where the shear and -@fitplare stresses (peel stresses) are highest. Figore 4.1

it is evident that the transfer length wass than or equal tth0 mm.

2500

i _’ﬁ.=t — h— ‘ 4
2000

// —&— @ prestressing \\

—8— @ release

Strain (1 O
o
8

1000
/ = A= gfter prestress losse \
500
o \
0 200 400 600 800 1000 1200 1400 1600

Strip Length (mm)
Figure 4.1 Strain profile along the strips (specimen 15%5)
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Table 41. Strains and stresses along the strips after all losses (spd&ftdnS)

Distance from Beam Engnm)
150 | 400 | 800* | 1200| 1450
. 2343
St t 2325| 2365 2345| 2336
rains a pr 2322
Strains at r|2271|2300-2329 2314 2229
2326
% Transferred stress fbsses | 23 | 24 | 06 | 1.3 | 4.6
Average prestressing stress (MF 375 | 381 | 384 | 382 | 368
% Fy 15 | 15 | 15 | 15 | 15

* Strains measured in strips 1 & 2

Table 4.1gives the final prestressing strains/stresses. The stress at the middle of the CFRP

strip in specimei5%F-Swas equal to 384 MPa or 15.2%f

2) Specimei4%-F-M

Figure 4.2 shows the CFRP strain profile along the beam length for specimeIM% he

general trend in prestressing strains was similar to that of specimeif-85%he final

prestressing strains and stresses in the strips are givieabla 42. The highest measured

prestress lossaxccurred neathe ends of the strips. The average stress in the CFRP strips at

midspan for specimen 14%M was equal to 332 MPa or 13.9%Ff
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Figure 4.2 Strain profile along the strips (specimkttoF-M)
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Table 42. Strains and stresses along the strips after all losses (specimdrNIA%

Distance from Beam End (mm)
150 | 400 | 800* | 1200 | 1450
1621 | 1582 | 1561 | 1577 | 1596

1751
1545| 1591 | 1582 | 1587 | 1533

1745
% Transferred stress sses 47 | 06 | -1.3 | -06 | 3.9

Average prestressing stress (MF 324 | 334 | 332 | 333 | 322
% F, 12.88| 13.26| 13.19| 13.22| 12.77

* Strains measured in strips 1 & 2

Strains at pr

Strains at releage O U)

3) Specimen 35%-M

At higher prestressing leve| greater shear and peel stresses developed at tseoktite

strips resulting in much higher prestregs strain transferredn specimen 35%--M
compared to the specimens prestressed to lower prestressirgydsvahown irFigure 4.3

After load releaseprestressg strain transfeoccurredwithin the development lengibf the

strips: 43.2% at the jacking end (live end), and 56% at the fixed end (dead end). After 3 days,
the strain changesvere relatively small compared to thbangs at the load release. From
Figure 4.3it is evident that the transfer length wagproximately400 mm. The obtained
strains and stresses along the strips are givéatte 4.3 The prestressing stress at midspan

was 894 MPa or 35.6% &1,

The clampingsystem applied at the end of CFRP strips mitigated the debonding. However
significant transferred strain ang@restress lossestill were measured. Thdevelopment
length at the live end (400 mm from beam end) where the prestress force was gradually
releagd to the beam was lower than that at the dead end (~450 mm from beamhemdhe

force release was morapid Althoughthe critical fatigue detail (weld toe) is still far from
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the development lengtkhe application of clampis still necessary tprevent the debonding

at the endsf the prestressed CFRP strips

6000
=

4000

3000 f/ \

2000 / —&— @ prestressinc \\

1000 —=— @ release

0 / —a= after prestress loss \

0 150 300 450 600 750 900 1050 1200 1350 1500

Strain (u

Strip Length (mm)
Figure4.3. Strain profile along the strips (specin&s?6-F-M)

Table 43. Strains and Stresses along the strips after all losses (specimd#@%%
Distance from Beam End (mm
150 | 400 | 800* | 1200| 1450

4967 | 4562| 4364 | 4503 | 4998

4277

2824 | 4485| 4284 | 4479| 2204

4258
% Transferred stress bsses | 43.2| 1.7 | 1.8 | 0.5 | 55.9

Average prestressing stress (M 593 | 942 | 894 | 941 | 463
% F, 24 | 37 | 35 | 37 | 18

* Strains measured in strips 1 & 2

Strains at pr

Strains at r

Specimen 37%-M

To reduce the transfer lengt the ends of the stripgnd mitigate debondinga fixed
clamping system (described @hapter 3) was employed for tdead end ospecimen 37%
C-M while the same clamp was used for the live enas used fospecimen 35%--M.

The prestressed CFRP strips were bonded on the cover ptatee outer flange of this
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specimen. As a result of using a fixed clariye transferlength wassignificantly reduced
Thelosses at the live end weatsoreduced as illustrated Figure 4.4 Thestrain transferred

to the epoxy andrestress losses at the jacking end for specimen-RBMowere 33%
compared to losses of 75% for specimen 3794. The strains and stresses along the strips
for specimen 37%c-M are given inTable 4.4 The final stress in the middle of the strips was

933 MPa or 37% of,,.
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= 4000 i
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c 3000 — :
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Strip length (mm)

Figure4.4. Strain profile along the strips (specimen 3T¥M)

Table 44. Strains and Stresses along the strips after all losses (specime@+Blj%
Distance from Beam End (mm

70 | 225 | 485 | 600* | 1195

Strains at | 4182| 4568| 4462| 4441 4482
P 4452

_ o 4443
Strains at releage O U) 3124/ 4501 ﬁ%g 4435

% Transferred stresssses | 33.9| 1.5 | 04 | 06 | 1.1
Average prestressing stress (MF 656 | 945 | 933 | 930 | 931
% Fy 26 | 38 | 37 | 37 | 37

* Strains measured in strips 1 & 2
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4.2.2 Shear Stresses at CFRBEeel Interfacand Development Length

The shear stredsansferred tdhe epoxy at the CFR8&teel interface can be calculated using

the measured tensile strains along the CFRP wtriph identify thedevelopmentength The

average shear stress between two locations produced during prestressing is calculated based
on the neasured strains at those locations using equation 4.1 (Schnerch et al. 2006).

_(g- &)

4.1
(% %) B B “9

X

The shear stresses between two strain gauges locations were determined for all specimens
and are given in Table 4.5. It is evident from Table 4.5 that the shear stresses at both ends are
higher than that at the middle of strips. This confirms that a transfer length is required to
transfer the prestressing force from the CFRP strip to thelstaeh. Specimen 379%-M,

with fixed end clamg exhibited very low shear stressatthe GS4GS5 locatios where the

fixed clams where locateccompared tathe other specimens. Consequentiige transfer

lengthat thefixedendwassignificantly reducedor this specimen.

The average shear stress praféddong the CFRP strgpare shown inFigure 4.5 As can be
seen in this figurethe shear stresses at the beam ends, and consequently the trans&r length

generallyincrease with the prestressing level.
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Table 45. Shear stresses along the strips (MPa)

Location | ( # 0;)(MPa) | ax(mm) | ¥t (MPa)
Specimen 15%F-S

EndGS1 3240 150 4.54295
GSLGS2| 324334 250 0.05420
GS2GS3| 334332 400 0.00656
GS3GS4| 332333 400 0.00331
GS4GS5| 333322 250 0.06390
GS5End 3220 150 4.50567
Specimen 14%F-M

EndGS1 3750 150 4.49717
GS1GS2| 375381 250 0.02970
GS2GS3| 381-384 400 0.00980
GS3GS4| 384382 400 0.00708
GS4GS5| 382368 250 0.06740
GS5End 368-0 150 4.41382
Specimen 35%F-M

EndGS1 5930 150 8.30
GS1GS2| 593942 250 1.95
GS2GS3| 942894 400 0.147
GS3GS4| 894941 400 0.143
GS4GS5| 941463 250 2.67
GS5End 4630 150 6.47
Specimen 37%C-M

EndGS1 656-0 100 9.18
GS1GS2| 656945 165 2.45
GS2GS3| 945933 250 0.067
GS3GS4| 933930 110 0.079
GS4GS5| 930931 600 0.010
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Figure4.5. Average shear stress profile between the strain gauges

4.2.3 Summary

The following key findings can be drawn for the behaviour of the specimens during
prestressing: (1) significant transfer steststrairs were always observed during load
release(2) 3 days after load release, the prestress losses were negligibiaain source of

the losses during this times thoughtto be creemf the epoxy. The loss valgewere very

small except forthose atthe live end of specimen 37%M. (3) The stress losses and the
shear stress transferred to the epoxy are relatively high at the stripcansing this to be
allocation vulnerable to debonding. The transfer length is dependent on the prestressing level.
(4) End clamping mitigates the debonding of the CFRP strips and maintains the prestressing

force, hencalsoreducing the transfer length.
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4.3 Fatigue Test Results

The fatigue test results are discussed in this section. The strains vs. fatigue life, deflection vs.
fatigue life, test observations (CFRP strip debonding, crack observation, crack growth, mode

of failure),and observeéffects of prestressing level ar@FRP strip locatiorare presented.

4.3.1 Fatigue Life

The fatigue Nes for all specimens are given TFable 4.6 The fatigue life is determined as
the number of cycles corresponding to the point when a crack propagated from the flange to
the webflange egion. Beyondhis point, unstable crack growth occurredith the crack

propagating to the middle of the web in less than 10 cycles for all specimens.

Table 4.6shows that the fatigue life improvemevdaried but thatthe prestresse@FRP
reinforcement cosiderably increased the fatigue life of steel beam with welded cover plates

in all cases

Table 46. Fatigue life for all specimens

Specimen* Reinf_orcemem Fatigue Life | Improvement
Strip Location Ratio(%)* | (No. of Cycles) (%)
Control 0.74 409600 | ----------
Strips 15%F-S 0.64 490900 19.8
on inner 14%F-M 0.74 576800 40.8
Flange 35%F-M 0.74 558600 36.4
Strips on 0%-C-M 0.74 646500 57.8
cover plates | 37%-C-M 0.74 914750 123.3

*C-cover plate, Hlange
** ReinforcemenRatio(%) = the area section of CFRP strip / the area section beam
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It is evident that the fatigue life improvement was affected by the stiffness of CFRP strips,
level of prestressing and the location of CFRP strips. The low fatigue life improvement for
speimen 15%F-S was likely due to using S (standard modulus) CFRP strip. The unexpected
low fatigue life for specimen 35%-M was possibly due to a poor epoxy application or

perhaps because of the wide scatter normally seen in fatigue test of welded specimen

The highest fatigue life was achieved by specimen -B78 with the prestressed CFRP

strips bonded on the cover plates.

4.3.2 Deflection versus Life

-

Table 4.7 gives t heux-tig)foraltspacimens durng theefatiqueeli = U
tests. This deflection range was calculated based on the displacements measured by the
LVDT at midspan at the beginning of fatigue testing. The deflection was measured for a

cyclic load range of 248 kN, with a minimum load of 32 kN and maximum load of 280 kN

(R=0.114).

It is evident fromTable 4.7that the deflection is inversely proportional to the stiffness of the
reinforcement. Specimens strengthened with medium modulus strips exhibited lower
deflections. The deflection of specimen 35 was much higherhan that for specimen

14% F-M which would explain the lower fatigue life for specimen 36%1. No explanation

can be given to why specimen 1424V had a lower deflection range. The smallest

deflection range was recorded for specimen 37 with strips plaed on the cover plates.
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Table 47. Deflections range
Beam |al (1
Control 2.15
15%F-S 2.14

14%F-M 1.57

35%F-M 2.12
0%-C-M 1.90

37%C-M 1.46

The deflection vs. number of cycles for all specimens during the fatigue tests are shown in
Figure 4.@a)-(f). These figures document critical stages for the specimens in terms of crack
initiation, debonding ofCFRPstrip(s), and crack growth. A similar trend for deflection vs.
numberof cycles is observed for all specimens. The deflection gradually increases after crack
initiation. Looking at Figure 4.6,he deflection increase is more rapiienthe crackreachs

the web necKor the control specimen and specimen-Q9%. The deflectionincreass for

all prestressed specimenscurafter CFRP strip debondinghile the crack is still within the
flange thicknessThe deflection range increases after partial debonding (one strip dehonded)
followed by a sudden increase in deflection whbke strip fractured for all prestressed
specimenswhile an upward shift in the deflection range was measured for the control beam

after crack initiatior(seeFigure 4.6(a)).
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Figure 4.6.Deflection vsnumber ofcycles
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The deflection range variation vs. number of cycles for all specimensawnen sn Figure

4.7. The deflection rangeurves are drawn for the 1a85000 cyclesLooking atFigure 4.7 it

can be seen that: (1) the highest deflection range belortge tontrol specimen while the
lowest deflection range belongs to specimen ¥ indicating the highest stiffness
increase for that specimen. (2) the deflection ranges are dramatically increased at the end of
fatigue life. (3)the lower deflection range fathe specimens with CFRP strips on the cover

plates confirm the influence of the CFRP strip location on fipecimen stiffness
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—~ 3.3
e .| |7 control
g 3 - - - 15%F-S
o 29 14%F-M
2 57 — - 0%C-M
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Figure4.7. Deflection vs. number of cycldsr all specimens
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4.3.3 Strain vs. Life

This section presents of the measusédins vs. number of cycles at critical stages (crack
initiation, crack growth or debonding, fracture) for all specimens. Results for strains
measured on the CFRP strips (GS1YGS6) and

are presented in detail.

1) Contol specimen

The crack was initiated after 376520 cycles (91.9% of fatigue life) and propagated through
the flange thickness towards the web after 407573 cycles (99.5% of fatigue life). The beam

failed after 409600 cycles.

Figure 4.7shows the strain vdife curved for each strain gauge tme control beam. As

shown inFigure 4.7 the slops of the curves chandeas the number of cycles increds&he

strains rapidly increased as the crack propagated into the flange at 407573 cycles. The beam

failed shortly after 200@ycles(less than 0.5% of the total fatigue life). Comparing the strain

data from the gauge located close to the wedd GB3) to those of strain gauges at the

t

middle of the beanfGB1, GB2) it can be seenthath e st r ai ncreasadnag the ( a&U)

level of strain increased near the crack. Although the strain gauge was not placed close
enough to capture the peak stress at the-teelds thisis impossible for practical reasgns

the strain range at the location close to the weld toesdsed as the crack depth increased.
From this, it can be deduced that the tensile (bottom) flange near the crack location

contributes less and less in resisting the applied loads as the crack grows through it.
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Figure 4.8.Strains vsnumber ofcycles for Control Beam
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A summary of the strains recorded for the control beam is given in Table 4.8
Table 4.8. Summary of straliie results for thecontrol specimen

Gauge # Occurrence Cycle#| %life |O mi n 0 max| a) (
GB1 Crack Initiation 376520| 91.9 183 635 452
(midspan) Crack Growth to welb 407573 99.5 509 836 327
Fracture 409600 100 621 888 267
GB2 Crack Initiation 376520] 91.9 124 610 487
(midspan) Crack Growth to web 407573 99.5 236 677 441
Fracture 409600 100 314 722 408
GB3 Crack Initiation 376520 91.9 147 763 616
(close to weld toe Crack Growth to web 407573 99.5 500 991 491
‘ Fracture 409600 100 577 1029 452
GBI2 Crack Initiation 376520 91.9 44 527 483
(inner side) | Crack Growth to web 407573| 99.5 129 578 441
(midspan) Fracture 409600{ 100 144 590 446

* GB---GB3 are located on the beam

2) Specimen 15%-S

The crack initiated at the weld toe after 431000 cycles (87.8% of fatigue life) and propagated
through the flange thickness towards the web while strip #1 debonded at the midspan after
488700 cycles (99.6% of fatigue life). The specimen failed after 490@€16s. The strain

life curves for all gauges are shown in Figure #t8e drain-life histoiesshow that there is a

shift in strainat theonset of debonding. Debonding of the strip occuoedhe side of the
cracked weldoe revealing thesignificanteffect of cracking on debonding initiation. Gauge
GS6 recorded the strain at the middle of strip #2 as shown in Figure 4r&c(@asen the

strain range after debonding indicates that crack growth was at the other side. This behaviour
was caused by sgmmetrical loading of the specimen. Looking at Figure 4.9 (g), Figure 4.9
(h) and Figure 4.9 (i), it can be seen that as the strain saegegauges GB1, 2, and 3

decreasedthe strain values increasaddicating crack growthnto the web.As the crack
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grows towards the welthe strain on the flange tends to decrease as recorded by gauges GB1

and GB2.
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Figure 4.9.Strains vs. number of cyclésr specimen 15%-S
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Figure 4.9(continued) Strains vs. nhumber of cyclésr specimen 15%-S
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Figure4.9 (continued) Strains vsnumber of cyclesor specimen 15%--S

80



The critical strains recorded during the fatigue test of 5% specimen arsummarizedn
Table 4.9 Strains along the length of CFRP strips at critical stages in the fatigue life
corresponding to the maximum and minimum applied load are plottéeyime 4.10and
Figure 4.11 A sudden change ithe strains after debonding was followed by a dramatic
increase in the strain rangs observed in these figurdhis phenomenon was only observed
for gauges GS2 and GS8dicating that debonding of strip #1 was initiatacer half of the

strip length while the other part tfe strip was still bonded.
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Table 49. Summary of stratfife results for thespecimen 15%--S

% |[U mU m| aJ
Gauge # Occurrence | Cycle # life (o0 (060 ( ol
GS1 Crack Initiation | 431000| 87.8 | 2310 | 2466 | 156
. Debonding | 488700| 99.6 | 2284 | 2418 | 134
150 mm f d of strip #1
mm from end of strip Fracture | 490900| 100 | 3546 | 4743 | 1197
GS2 Crack Initiation | 875800| 87.8 | 2360 | 2569 | 209
. Debonding | 914750| 99.6 | 2327 | 2500 | 173
400 mm f d of strip #1
mm from end ot strip Fracture | 920273 100 | 3633 | 5452 | 1819
GS3 Crack Initiation | 875800| 87.8 | 2485 | 3005 | 520
. . Debonding | 914750| 99.6 | 2853 | 3427 | 574
ddle of strip #1
middie ot strip Fracture | 920273| 100 | 3882 | 6072 | 2189
GS4 Crack Initiation | 875800| 87.8 | 2298 | 2515 | 217
. Debonding | 914750] 99.6 | 2354 | 2547 | 193
1200 mm f d of strip #1
mm from end of strip Fracture | 920273 100 | 2414 | 2559 | 145
GS5 Crack Initiation | 875800| 87.8 | 2215 | 2348 | 132
. Debonding | 914750| 99.6 | 2247 | 2367 | 120
1450 mm f d oftrip #1
mm from end atrip Fracture | 920273| 100 | 2307 | 2367 | 60
GS6 Crack Initiation | 875800| 87.8 | 2331 | 2851 | 520
i . Debonding 914750| 99.6 | 2483 | 2884 | 401
ddle of strip #2
middie ot strip Fracture | 920273] 100 | 2719 | 3683 | 964
GB1 Crack Initiation | 875800 87.8| 70 | 627 | 557
) Debonding 914750| 99.6 | 474 814 | 340
le of
middle of beam Fracture | 920273] 100 | 919 | 938 | 19
GB2 Crack Initiation | 875800 87.8| -3 | 568 | 571
) Debonding 914750| 99.6 54 616 | 562
ddle of b
middie of beam Fracture | 920273| 100 | 548 | 878 | 330
. Crack Initiation | 875800| 87.8| 52 | 445 | 393
Debonding | 914750] 99.6 | 226 | 575 | 349
Close to weld t
ose fo weld foe Fracture | 920273| 100 | 441 | 643 | 201

* GBs are located on the beam and GSs are located on the strip
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Figure4.10. Strain variation along the CFRP strip lengthdpecimen 15%-S

(Pnax = 280 kN)

82



7000

6000 —&— Crack initiation
—e— Debonding strip#]
5000 —&—Fracture

R
2000 /F-—“Az&_‘\
1000//

ol LN

500 1000 1500
Strip Length (mm)

Strain (u9

o

Figure4.11. Strain variation along the CFRP strip lengthdpecimen 15%-S
(Pnin = 32 kN)

3) Specimen 14%-M

The crack at the weltbe was initiated at 443250 cysland propagated into the web. CFRP
strip debonding occurred after 571000 cycles, followed by specimen failure after 576800

cycles.

The plots of strain vs. life for all gauges the beam are shown Irigure 4.12 For this
specimengdata foronly two stran gauge®n the CFRP strips are plotte@dS3 and GS6The

strain variation vs. life was stable until debonding occurred and was accompanied by a sharp
increase in strain (GS3 at middle strip). Strain gauge GS3, at the middle ofL.stihibited

a suddenncrease in strain at debonding of the strip while gauge GS6, at the middle of other
strip (strip #2), did not record high strains indicating no debonding for st2ipGdmparing

the strain values of GS3 and GS6, a huge difference in strains after agpandiup to

failure can be seeh.ooking atFigure 4.12c)-(e), a shift up in strain values is observable for
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GB1, GB2 and GB3 after crack initiatigrparticularly after debonding. GB3, the strain

gauge close to weld, recorded a drop in straine-aftgr debonding.

The strainlife results are summarized Trable 4.10for specimen 149%-M.
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Figure 4.12. Strains vs. number of cyclesdpecimen 14%-M
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Figure4.12 (continued) Strains vs. number of cyclésr specimen 14%--M
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Table 410. Summary of strautife results forspecimen 14%--M

Gauge # Occurrence | Cycle#| % life|Umi n |[Umax |a)( O

GB1 Crack Initiation| 443250 77 -34 551 585
middle ofbeam Debonding | 571000| 99 306 713 407
Fracture 576800 100 712 856 144

GB2 Crack Initiation| 443250 77 -24 568 592
middle of beam Debonding | 571000| 99 126 618 492
Fracture 576800 100 196 671 475

GB3 Crack Initiation| 443250 77 0 514 514
close toweld toe Debonding | 571000| 99 -163 437 600
Fracture 576800 100 125 725 600

GS3 Crack Initiation| 443250 77 1629 2123 493
middle of strip #1 Debonding | 571000, 99 1754 2137 382
Fracture 576800 100 2614 3041 426

GS6 Crack Initiation| 443250 77 1817 2315 499
middle of strip #2 Debonding | 571000, 99 1833 2369 536
Fracture 576800 100 1955 2664 709

* GBs are located on the beam and GSs are located on the strip

4) Specimen 35%-M

Crack initiation in specimen 35%M was observed at the wetde after 443250 cycles.

After 557100 cycles strip #1 was debonded followed by debonding of strip #2 after only 150
cycles. The specimen failed by fracture in the web after 558600 c¥itese 4.13 shows

the strain life data for all gauges. LookingFagure 4.13(b) and (c), the strain valaand

strain rangs dramatically increase after debonding of the second strip. However the strain
changes at both ends (GS1 and G&8&)ibit a stable respwse or good bond until failure.
Unsymmetrical loading led to crack initiation at the same side as the debonded strip (strip#1).
Comparing strain curves on the beam for gauges GB1 and GB2, the rapid strain increase for
GB1 suggestsan unsymmetrical loadingA stress range decrease was observed for GB3

around the time of crack initiation.
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Figure 4.13 continued) Strains vs. number of cyclésr specimen 35%-M
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Figure 4.13 continued) Strains vs. number of cyclésr specimen 35%--M
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The summary of strain changes along the stspshownin Table 4.11and illustrated in

Figure 4.14andFigure 4.15 Looking at strain values and strain profiles along the stitips

can be seetthat the strain valueare generallyhigher at midspanAfter crack initiation,

strain values of GS2 and GS3 (at midspan) increases while the other strains were almost

constant. Debonding of the CFRP strips caused a sudden increase in strain.

Table 4.11 Summary of straulife results for thespecimen 35%--M

Gauge # Occurrence [ Cycle#| % life[U mi nU ma x|aU (

GB1 Crack Initiation | 443250| 79.4 22 505 483
middle of beam | Debonding Strip#] 557100| 99.7 102 575 473
Debonding Strip#4 557250 99.8 89 555 466

Fracture 558600 100 795 504 -291

GB2 Crack Initiation | 443250| 79.4 -12.2 509.143 521
middle of beam| Debonding Strip#] 557100 99.7 -29 584 613
Debonding Strip#4 557250 99.8 -44 575 619

Fracture 558600 100 3037 1539 -1498

GB3 Crack Initiation | 443250| 79.4 51 589 538
Closeto weld toe| Debonding Strip#] 557100| 99.7 90 593 503
Debonding Strip#4 557250 99.8 105 621 516

Fracture 558600 100 - - 1

* GBs are located on the beam and GSs are located on the strip

** (-) gauge was failed
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Table 411(continued. Summary of straitife results for thespecimen 35%--M

o

Gauge # Occurrence Cycle#| % | U _m U _ma &l
life | (OY (OU] ( OU
GS1 Crack Initiation | 443250| 79.4 | 2837 2989 152
150 mm from end of Debonding Strip#1] 557100| 99.7 | 2893 3047 153
strip#1
DebondingStrip#2 | 557250( 99.8 | 2892 3054 161
Fracture 558600( 100 | 5746 6576 830
GS2 Crack Initiation | 443250| 79.4 | 4543 4792 249
400 mm from end of Debonding Strip#1f 557100( 99.7 | 4483 4754 272
strip#1
Debonding Strip#2 557250( 99.8 | 4528 4777 249
Fracture 558600| 100 | -5175( -5175 -
GS3 Crack Initiation | 443250| 79.4 | 4305 4843 538
middle of strip#1l | Debonding Strip#1| 557100( 99.7 | 4940 5630 690
Debonding Strip#2] 557250 99.8 [ 5178 5964 787
Fracture 558600 100 - - -
GS4 Crack Initiation | 443250| 79.4 | 4462 4595 132
1200 mm from end| Debonding Strip#1| 557100( 99.7 | 4498 4629 132
of strip#1
Debonding Strip#2] 557250 99.8 [ 4511 4625 114
Fracture 558600| 100 [ 6206 6600 395
GS5 Crack Initiation | 443250| 79.4 | 2212 2367 155
1450 mm from end| Debonding Strip#1f 557100( 99.7 | 2683 2698 15
of strip#1
Debonding Strip#2] 557250 99.8 [ 2678 2736 58
Fracture 558600( 100 | 2674 2726 52
GS6 Crack Initiation | 443250| 79.4 | 4312 4775 463
middle of strip#2 | Debonding Strip#1 557100( 99.7 | 4586 5156 570
Debonding Strip#2 557250( 99.8 | 4673 5184 511
Fracture 558600| 100 | 4615 6208 1593

* GBs are located on the beam and GSs are located on the strip

** (-) gauge was failed
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5) Specimen 0%-MM

Crack initiation in specimen 09%-M was observed after 583842 cycles (90% of life).
Debonding of CFRP strip #1 occurred after 645200 cycles (99.8%igfiddife) when the

crack already propagated through the flange. The specimen failed at 646500 cycles.

The strain vs. life data for the gauges on the strips is showkFigare 4.16 A stable strain
variation until specimen failure is observable fréigure 4.16(a) for the gauges at the end
of strips indicating no debonding. The strain values increased gradually for all the gauges

located along the CFRP stripBidure 4.16(b), (c) and (d)). However the strain ranges
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increase more rapidly as thmumber ofcycles increases. Gauges mounted on the beam
showed that the strain level thie gauge closest to the cradkidure 4.16(f)) increased more

than those away from the cradkidure 4.16(e)). The strain profile along the CFRP strips is
shown inFigure 4.17andFigure 4.18&or maximum and minimum fatigue load levels. Crack
growth into the web and strip debonding was accompanied by a significant increase in strain
of the strip prior to failure. A summary of the strdifie results at critical stages for spean

0%-C-M is given inTable 4.12.
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Table 412. Summary of straitife results for thespecimen 0%4C-M

]

Gauge # Occurrence Cycle | % [U m[U m{ &
# life [ (OUl ( OU ( OU
GS1 Crack Initiation | 583842| 90.3| 26 43 17
at the end on strip#1 Crack in the Web| 643450| 99.5| 47 52 5
Debonding Strip#]1 645200| 99.8| 42 55 13
Fracture 646500] 100 39 42 3
GS2 Crack Initiation | 583842| 90.3| 386 1070 | 684
250 mm for end of strip#1| Crack in the Web| 643450 99.5| 1532 | 2417 | 884
Debonding Strip#1 645200| 99.8| 1273 | 2447 | 1174
Fracture 646500| 100 - - -
GS3 Crack Initiation | 583842| 90.3| 254 787 533
500 mm from end of strip#] Crack in the Web| 643450) 99.5| 1159 | 1719 | 560
Debonding Strip#] 645200| 99.8| 986 1765 | 779
Fracture 646500| 100 - - -
GS4 Crack Initiation | 583842| 90.3| 681 1392 | 711
at the middle of strip#1 | Crackin the Web| 643450| 99.5| 1528 | 2350 | 822
Debonding Strip#] 645200| 99.8| 1835 | 2836 | 1000
Fracture 646500( 100 | 140702| 157760 17058
GB1 Cracklnitiation | 583842 90.3| 62 702 640
at the middle of beam | Crack in the Web| 643450| 99.5| 137 754 617
Debonding Strip#] 645200| 99.8| 508 1031 | 523
Fracture 646500 100 | 675 1084 | 409
GB3 Crack Initiation | 583842| 90.3| 288 757 469
Close to the weld toe | Crackin the Web| 643450 99.5| 822 1044 | 222
Debonding Strip#] 645200| 99.8| 1038 | 1106 68
Fracture 646500 100 | 1177 | 1283 | 105

* GBs are located on the beam and GSs are located on the strip

** (-) gauge was failed
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6) Specimen 37%-M

Cracking at the weltloe was initiated after 875800 cycles (95.2% of fatigue life) and grew
through the flange thickness to reach the \abge joint at 914750 cycles (99.4% of fatigue

life). The CFRP strip debonding was coincident with failure of spaciafter 920273 cycles.

Figure 4.19shows the straHife data for all gauges. It is seen that the strain increase the
crack growth to the web followed by a sudden drop in strain at the failure for gauges GS 3

and #4 Figure 4.19(c) and (d)). An almost esstant strain amplitude was measured for GS
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#1(Figure 4.19a)) indicating no debonding during the test. A strain fluctuation at the end of
fatigue life shown inFigure 4.19(e) indicates debonding at this end (GS5) while the other

end is still bonded (GS1

The strainlife data corresponding to critic stages for all specimen-878b are presented in
Table 4.13 The strain profiles along the strips for the maximum and minimum applied loads
are shown irFigure 4.20andFigure 4.2] respectively. These figuseshow that the strains

along the beam length jump as the crack grows into the web and then drops at beam failure.
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Table 413. Summary of strautife results for thespecimen 37%4-M

Gauge # Occurrence | Cycle | % life l°Jmi~no l‘.’erZ\xo adJ
# (60 (60 ( O

GS1 Crack Initiation | 875800, 95.2 | 3154 | 3383 | 229

70 mm from end of strip #1  Crack Growth | 914750 99.4 | 3175 | 3380 | 205
Fractue 920273 100.0| 3208 | 3364 | 156

GS2 Crack Initiation | 875800, 95.2 | 4521 | 4822 | 301

225 mm from end of strip #]  Crack Growth | 914750 99.4 | 4528 | 4817 | 289
Fractue 920273| 100.0| 4703 | 5048 | 345

GS3 Crack Initiation | 875800] 95.2 | 4492 | 4900 | 408

485 mm from end of strip #] Crack Growth | 914750] 99.4 | 5579 | 6346 | 768
Fractue 920273| 100.0| 1137 | 4259 | 3122

GS4 Crack Initiation | 875800, 95.2 | 4496 | 5166 | 671

at the middle strip #1 Crack Growth | 914750[ 99.4 | 5552 | 6514 | 962
Fractue 920273| 100.0| 1391 | 4170 | 2779

GS5 Crack Initiation | 875800] 95.2 | 4454 | 4668 | 213

1195 mm from end of strip| Crack Growth | 914750] 99.4 | 4505 | 4678 | 173
#1 Fracture | 920273| 100.0| 2848 | 4756 | 1909

GS6 Crack Initiation | 875800| 95.2 | 4514 | 5179 | 665

at the middle strip #2 Crack Growth | 914750[ 99.4 | 5033 | 5967 | 934
Fracture 920273| 100.0| 5064 | 6783 | 1719

GB1 Crack Initiation | 875800] 95.2 | -40 | 473 | 513

at the middle of beam [ Crack Growth | 914750] 99.4 | 726 | 734 | 8
Fracture 920273| 100.0| 875 | 900 | 25

GB3 Cracklnitiation | 875800, 95.2 | -37 570 | 608

Close to the weld toe | Crack Growth | 914750] 99.4 | 446 | 735 | 289
Fracture 920273| 100.0| 693 807 | 114

* GBs are located on the beam and GSs are located on the strip
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4.3.4 Shear Stredde

The shear stresses transferred through the epoxy during the fatigué?;erse?;e( calculated
usingte measur ed l%l)tbatsediorm Equaton ¢.E The #etal shear stl‘é}ssvas
determined as the summation of the shear stress obtained during presttlél}zsmgl the

shear stress during the fatigue t@t(
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1) Specimen 15%-S

The shear stresses along the beam length for specimef-B5k shown inTable 4.14 GS1

was located at 125 mm from the live end of CFRP strip and the other gauges were located
with the distanceai) given in the table from the previous gaugdée total kear stresses

were low at the ends compared to midspan confirming good bond between the strip and

epoxy except for the location of debonding initiation, G&534.

Table 414. Total shear stress variation along the beam length during prestressing amd fatigu
testingfor specimen 15%--S
Location | Occurrence | ax(mm) | Y-o( U Ty (MPa) | +{MPa) | t-v(MPa)
Crack Initiation| 250 | 1.0E04| 0.03 0.08 0.11
GS1:GS2| Debonding 250 | 8.2E05| 0.03 0.07 0.10
Fracture 250 | 7.1E04| 0.03 0.56 0.59
Crack Initiation| 400 |4.4E04| 0.01 0.22 0.23
GS2GS3| Debonding 400 |9.3E04| 0.01 0.46 0.47
Fracture 400 | 6.2E04| 0.01 0.31 0.32
Crack Initiation| 400 |4.904| 0.01 0.24 0.25
GS3GS4| Debonding 400 | 8.8E04| 0.01 0.44 0.44
Fracture 400 | 3.5E03| 0.01 1.74 1.75
Cracklnitiation | 250 |1.7E04| 0.07 0.13 0.20
GS4GS5| Debonding 250 |1.8604| 0.07 0.14 0.21
Fracture 250 | 1.9E04| 0.07 0.15 0.22

2) Specimen 35%-M

The shear stresses transferred through the epoxy along the strip for specimEM3&eé
listed inTable 4.16 GS1was located at 125 mm from the live end of CFRP strip and the
other gauges were located with the distameg @iven in the table from the previous gauge
At failure, or specimen fracture, strip#l was already debonded atG&S2location;

consequently compssion (negative) strain values were recordeable 4.1). No shear
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stress was transferred through the epoxy after strip debonding which is indicated as not

available {-) in Table 4.15

Table 415. Total shear stress variation along the beam lethgiing prestressing and fatigue
testingfor specimen 35%-M

Location Occurrence | ax(mm) | Y-o( U t;(MPa)| t{MPa) | t-(MPa)
Crack Initiation 250 |1.840°| 0.24 2.12 2.36
Debonding Strip#] 250 |1.7A40°| 0.24 2.01 2.24
GS1GS2 . o g
Debonding Strip#z 1.7A0 0.24 2.03 2.26
Fracture 250 -- 0.24 -- --
Crack Initiation | 400 [5.140°| 0.15 0.04 0.19
GS2GS3 Debond?ng Str?p#] 400 8.8@0‘2 0.15 0.64 0.79
Debonding Strip#z 1.2A0 0.15 0.87 1.02
Fracture 400 -- 0.15 -- --
Crack Initiation 400 |25A0°| 0.14 0.18 0.33
GS3GS4 | Debonding Strip#1 400 1.040°| 0.14 0.74 0.88
Debonding Strip#z 1.340°| 0.14 0.98 1.13
Fracture 400 -- 0.14 156. --
Crack Initiation 250 |2.240°| 2.68 2.62 5.30
Debonding Strip#] 250 |1.940°| 2.68 2.27 4.95
GS4GS5 . 7 =
Debonding Strip#2 1.940 2.68 2.22 4.90
Fracture 250 |3.940° 2.68 4.56 7.23

* (--) Gauge failed

FromTable 415, it can be seen that the total shear stress at the middle of the strips was lower
in comparison to the shear stress at the smigs, especially at GS2S3 location before
beam fracture. A very sudden increase in shear stress aGS&3ocation where the strip
was partially fractured indicates a reduction in transfer of shear stress through the epoxy as

expected.

3) Specimen 0%-M

The shear stress variations along the strips during fatigue for specimerVD&&e reported
in Table 4.16 GS1 was located at the beginning of the CFRP strip (live end) and the other

gauges were located with the distana®)(given in the table fronthe previous gaugeA
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very small shear stress difference for the adjacent gauges oiG6&3land GSZS3
indicates a good bond along the strip while a higher difference was mainly because of higher
stress at GSES3 location (midspan) than G&IS2 (end) dueo the bending during the

fatigue test.

Table 416. Shear stress variation along beam length during fatigyespesimen 0%4--M
Location Occurrence | Y-4 ¢ (U ax (mm) | +{MPa)

Crack Initiation | 1.040° 600 0.50
Crack in the Web| 2.4A0° 600 1.16

Debonding Strip#] 2.4A0° 600 1.17

Fracture - 600 --
Crack Initiation | 2.840° 100 0.83

Crack in the Web| 7.040° 100 2.05
Debonding Strip#] 6.840° 100 2.00
Fracture -- 100 --

GSIGS2

GS2GS3

* (--) Gauge failed

The total shear stress was equal to the shear stress of fatigue test due to unstressed strips.

4) Specimen 37%-M

The shear stress variation along the beam length for specimei€CM% given inTable

4.17. GS1 was located at 125 mm from the CFRP &ng (live end) and the other gauges
were located with the distancax( given in the table from the previous gaugGensidering

the shear stress variation Tiable 4.17 it can be seen that the lower shear stresses at GS4
GS5 (dead end) in comparison with G&$2(live end) reveals the effectiveness of the fixed
end clamping system application. The lowest transferred shear stress is at the midspan (GS3

GS4) while the higest transferred shear stress is at the end of CFRP &8@GS2).
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However, the other end of CFRP strip did not exhibit the same transferred shear stress (GS4

GS5) where the fixed clamp was mounteghphasizing the clamping systems effectiveness.

Table 417. Total shear stress variation along the beam length during prestressing and fatigue
testingfor specimen 37%-M
Location | Occurrence | ax(mm)| Y-( U t;(MPa)| +{MPa)| t-y(MPa)
Crack Initiation| 165 | 1.480°| 2.45 2.57 5.02
GS1GS2| Debonding 165 | 1.480°| 2.45 2.56 5.02
Fracture 165 |1.7A0°| 2.45 3.00 5.46
Crack Initiation| 250 |7.840°| 0.07 0.09 0.16
GS2GS3| Debonding 250 |1.5A0°| 0.07 1.80 1.87
Fracture 250 |7.940" 0.07 0.93 1.00
Crack Initiation| 110 |2.7A0"| 0.08 0.71 0.79
GS3GS4| Debonding 110 |1.7A0"| 0.08 0.45 0.53
Fracture 110 |8.940° 0.08 0.24 0.32
Crack Initiation| 600 |5.080%| 0.01 0.24 0.25
GS4GS5| Debonding 600 |1.840°| 0.01 0.90 0.91
Fracture 600 |[5.940°| 0.01 0.29 0.30

4.3.5 Crack Growth and Beam Failure

In general, cack initiation occurred at 80% to 90%edchspecimen's fatigue life. The crack
initiated at the weldoe of the cover plate all casesAsymmetrical crack propagation along
the weldtoe due to unsymmetrical loading was observed for all s except for
specimen 37%-M and specimen 09%-M. Cracking was followed by CFRP strip
debonding from the beam surface. The strip debonding occurred at the sanas thiele
crack. Beam failureccurredess than 0.5% of fatigue life after CFRP debondmall cases
exceptspecimen 37%-M where debonding did not occur until the beam fractured. The
location of the bonded CFRP strigad a significant impact on theffectivenessof the
reinforcement In this regard specimen 374C-M experienced the highesatigue life

followed by specimen 0%-MM, which had a fatigue life that was higher than the best
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result for the prestressed specimens with CFRP strips on the inside of flarigs.
phenomenorcan be explained by considering a few fact@sch asthe uplifting force
applied by thdbeambending on the bond. In the caselwf CFRP strip on the flange, as the
beam tends to bend, a peel stress is applied to the bond as a consequieisagpliting
force, while the beam bendingiould introduce a negativeepl stress (or squeezing stress)
for the case of strip on the cover platesice the epoxy ia brittle material it is possible that
the applied peel stresgcelerates théatigue failure ofthe bond. Another possié reason
might bethe unbounded length of CFRP staipthe critical locationwhenthe CFRP strips

on the cover plate3he peak stress is alwagearthe crack tipso thatfor the specimen with
CFRP strig on the flange as the crack reaches the epoaysignificantlocal stress is
transferred to the epoxyhich tends tobreak the epoxy andauseslebonding as a result.
After debondingthe effects of prestressirmgediminished and specimen failuaecelerated
Because ofthe unbonded CFRP strifength at the critich location in the case othe
specimens with CFRP sten the cover plat the describegphenomenn never happens
for this reinforcing configuratianDebonding occurrech the stripto-epoxy interfaceat the
midspan where the crack was initiat&the use of end clamps prevented debondinthef
CRRP strips at the beam ends by reducing the local shear and peel siressesack
observedduring the fatigue testingwere similar for all specimens; however, the amount of
fatigue life improvement ahthe effect of the reinforcement on the failure mode were

different. The specific observations for each specimen are presemiedfollowing.

1) Control specimen

The control beam cracked after 376520 (80% of fatigue life) cycles. The deflection rapidly

increased as the crack propagated into the flange thickness at 407573 (0.5% of fatigue life)
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cycles. The beam faileldss thar2000cycles later(less than 0.5% ohe total fatigue life).
The crack was initiated at a corner of the cover plate and propagated along the weld.
Asymmetrical crack growth along the weld is shownFigure 4.22 Crack propagation

vertically through the web shownin Figure 4.23

Figure4.23. Crack from the flange to the web of contspkcimen
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2) Specimen 14%-M

For the specimen 14%-M, the crack was initiated at the corner of one cover (ftatse to

GB1) after 443250 cycles. Elliptical crack propagation through the flange thickness and
crack growth across the beam are shown in Figure 4.24 and Figure 4.25. Such asymmetric
crack growthmaybedue to unsymmetrical loading and unequal prestrgsiirce in the

strips. Strip #2 was prestressed to about 14.5% and strip #1 was prestressed to about 13.2%
of ultimate strength of the strip. The strip at the same side of the crack location (strip#1)
started to debond as the crack was growing. The dehgstarted at the middle of strip and
propagatd to the strip ends after 571000 cycles. Following debonding of the strip, the crack
propagated into the wedind just after 4300additionalcycles (0.7% of fatigue life) failure

occurred.

Figure 4.25illustrates that: (1) the debonding was between the epoxyttendFRPstrip
interface and that no debondiragcurredbetween the epoxy and steel surface. (2) An
elliptical crackshapewas observed. Crack growth in a few cycles from the flange through
the web is shown ifigure 4.26 The catastrophic failure shown Figure 4.26nas the result

of crack growththroughthe webin just 5 cycles.

Figure4.24. The location of crack iniéition and the crack length at the point of debonding
for specimerl4%F-M
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Figure4.25. Elliptical crack growth pattern through the thickness of flange and interfacial
debonding between epoxy and strips (specit¥-F-M)

Figure4.26. Rapidcrack growth in few cycles in the web causing a catastrophic failure of
specimerl4%F-M

3) Specimen 15%-S

Similar behaviourto specimen 149%-M was observed for specimen 182465 but with a

lower fatigue life improvement. Using CFRP strips with a lower elastic modulus of elasticity
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and premature debonding led to a shorter fatigue life. Asymmetric debonding of strip#1

while strip#2 is still bondedtthe flange was observed as showFRigure 4.27

Strip #2

i

Figure4.27. Debonding of strips fapecimen 15%--S

Crack growth along the weld and through the flange/web are shoWwigune 4.28a) and
Figure 4.28 b ) . 0 Magnaf | uspraydwage usqd e makbe cracking anore
visible. Debonding between the strip and epoxy occurred on the same sideflahtfee
where crack initiation was observed. This illustrates the effect of cracking on the observed

debonding of the strips.

(a) Asymetriccrack growth along the weld (b) Crack pattern through the Web/Flange

Figure4.28. Crack growth pattern along the weld and through the é#ésgecimen 15%--
S)
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4) Specimen 35%-M

Specimen 35%--M exhibited deboding of both strips withira period of justLl50 cydes as
shown inFigure 4.29 Strip#l first started debonding at 557100 cycles followed by the
debonding of strip#2 just after 150 cyclieder (557250 cycles). At failure, strip#l was
totally debonded and fractured while strip#2 was still bonded at then bemds.
Asymmetrical crack propagation across the flange was also obsemidd the crack

initiation onthe same side dhe specimen astrip#1, which was completely fractured.

(a) Debonded strip fracture&Sirip#1) (b) Localy debonded Strip#2
Figure4.29. Crack growth in both sides of the flange (specimen-85%)
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5) Specimen 0%-M

To investigate the effects of strip location, two additional specimens emferced using
the strips bonded onto the cover plates; the strips were unstress€uiN)%r prestressed
(379%-C-M). In contrast to the previous specimens, the CFRP strip deboadoogredonly

after crack growth into the web. Looking d&igure 4.30 a pure interfacial debonding

between the epoxy and CFRP strips can be seen for the specir@M0%

Complete epoxy remain on the steel

Totally debonded strips

(a)Debonded and fractudstrips after (b)Pure debonding between epoxy and
failure strip

Figure4.30. Debonding of the strips after failure for specimenO%l

Debonding occurred after the crack reached the web. The crack growth into the web resulted
in an increase in deflection @stress amplification at the strgpoxy interfacewhich caused

the strip debonding to occur. The beam failed at the onset of debonding.

6) Specimen 37%-M

A fatigue life improvement of 123% over the contseemwas achievedor specimen 37%
C-M compaed to an improvement of 56% for specimen-Q9, illustrating the significant

effect of prestressing on the fatigue liidven the CFRP strip is on the cover plaide
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observations during fatigue tesy for specimen 37%-M were similar tothose for
specmen 0%C-M. Symmetrical and uniform crack propagation was observed. No
debonding occurred before failure and the strip fracture resulted in beam fracture as shown
in Figure 4.31 Figure 4.32 illustrates the effectiveness of the end clamping system in

maintaining the CFRP prestress.

(a)Symetrical crack at the wetde (b) Strip fracture
Figure4.31. Crack growth and strip fracture fepecima 37%-C-M

(&) Removable end clamps (b) Fixed end clamp

Figure4.32. Performance of end clamps after failuredpecimer87% C-M
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4.3.6 Summary

Based orto the fatigue tests results and observatitms following key findings areoted

(1) the strengthening of steel girder using CFRP strips increases the fatigue life. (2) The
maximum fatigue life improvement was for the specimen withptfestresseFRP strips

on the cover platessgecimen 37%4C-M with 123.3% fatigue life improvement(3) The
maximum fatigue life improvement in the case of CFRP strips on the flange was only 40.8%
(versusb7.8% for the unstressed specimen with CFRP strips on the dateg,pndicating

the significant influenceof the CFRP strip location(4) The CFRP strigelastic moduluss
important: specimens with higher CFRP elastic modulus exhibited higher fatigese (b)

The dominatefailure mode wasCFRP stripdebonding followed by crackingof the steel

The crack initiated at the weld taeall casesand grew through the flange thickness towards
the web For specimens with CFRP strips on the flandgebonding eventuallpccurred

while no debonding was observedor to web crackingor the specimens with CFRP strips

on the cover plates.
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Chapter 5: Analytical and Numerical Modelling

5.1 Introduction

This chapter presents analytical and numerical models developed to predict the behaviour of
W section steebirders with welded cover plate fatigue details reinforced using bonded
stressed and unstressed CFRP strips. In Sections 5.2 and 5.3, analyses of the strains through
the cross section after prestressing and under the imposed flexural load are perfaated, ba
on the concepts of strain compatibility and force equilibrium. In Section 5.4, stress
distributions along the path of the fatigue crack are predicted using linear elastic finite
element analysis (FEA) methods. Both approaches are validated by compaitisathe
available test data. As discussed in Chapter 4, varying the bonded strip location and CFRP
elastic modulus among the test specimens resulted in gains in the fatigue life improvement
that did not correlate well with the prestressing level ircafles. This led to difficulties in
experimentally assessing the effect of the level of prestressing. As such, the models presented
in this chapter are useful for examining and uncoupling the three parameters studied; namely,
the level of prestressing, tHecation of applied strips, and the CFRP elastic modulus.
Analytical and numerical studies of the bond behaviour and stress transfer through the epoxy

are also discussed in this chapter, in Sections 5.5 anaSp@ctively.

5.2 Static Analysis of Prestresed Cross Section (before Flexural Loading)

To investigate the effects of the prestressed CFRP strips bonded to the steel beam, a static
analysis was first carried out, basedtba work ofAl-Saidy et al(2004) andTaljsten et al.

(2008).
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The calculadd strain variations irthe steel beams and CFRP strips ahe deflection

induced by prestressing were then compared with the experimental data.

5.2.1 Analysis Description

The stress / strain distributions and specimen deflections were determined using strain

compatibility / force equilibrium and load balancing analysis, respectively.

5.2.1.1Evaluation ofCrossSection Strain/Stress

A static analysis based on the concegbtslastic strain compatibility and force equilibrium of
steel beams reinforced using bonded CFRP stipsawn in Figure 5.1 and Figure 5For

this analysis linear elastic behaviour was assumed thedself weight was considered

This appoach was employed herein to investigate the stress and strain changes in the
specimen cross section after releasing the prestressing force to the beam. The assumed
material properties of the CFRP and steel were as described in Chapter 3 and shown in
Figure 3.1 and Figure 3.2. Two locations along the beam length were considered, the
midspan (x = L/2) and one of the quarter points (x = L/4) where the cover plate is present.
The section was analyzed by conducting a layer by layer analysis. The number ofelamen
such an analysis is not critical, if linear elastic material behaviour is assumed. Hence, the
cross section was divided into 20 elements for reasons of convetoethermine the strain

at the locations oihterestssuch as the bottom flange andRHF strip surface The analysis

was done for the time of load relegse. just after therestressing force was transferred to
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the beam Consequently hie calculatedstress and strain distributions in the steel beam were
due tothetransferred prestreisg force,while the calculated stresses and strains in the strips
were actualy lossesof prestressing force resulting from the deflection of the bedast(c
shortening). The deformation of the epoxy was neglected by assuming a perfect bond

between the CFRP strips and the steel beam.

The bottom and top stresses produced by the eccentric prestressing force were calculated

using Eq. (5.1) and Eq. (5. 2).

PG

sbottom:; I% '% (51)
Sun = %‘3 £ (5.2

where A is the cross secti@narea of the steel arff and S, are the section moduli of the
steel with respect to the top and bottom extreme fibres, respectively. Since no external

. . . M M
moment wasmposedduring the prestressing process, the external momseonw]d —,

S

only include moments due to the beam self weidlat do this, the beam self weigh/, is

-
used to calculate the associated momkhtwhere M =

at midspanX = L/2) and

3V 16
32

M= at quarter length of the beam € L/4). The stresses at any location in the

cross section and the corresponding strains can be determined using the obtained bottom and

top stresses to facilitate comparison with the experimental rassiltg the equation of

e=SE, whereE is the elastic modules of materialhe geometric properties of sections for
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all specimens ahe midspanxX = L/2) and one of the quarter poinis< L/4) are tabulated in

Appendix G along witha sample calculatiom Excel

Ewp
........ —
7 2
d; i
r RN
o 7
[ Z — I____ E —IR‘r
' P b5
{2) Strip on the cowver plates . 5 T 4
PiA  Pek, Mk, Eop
g . g
+ — 1 7.
M L i c

¥
N
;

NN

.......... L 1 . R 1._..
T Pek, M, € borsam R
) Stripon the flange

. PiA_ Peg,
_l_

fr—"

(a) Strip on the cover plates

Peg,

f] || e 4ol
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Figure 52. Cross section analysisyat L/4 (quarter point)
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5.2.1.2 Prestressing Camber Calculation

The camber during prestressing waasalytically calculated based on static analysisaof
deformed beapasshown in Figure 5.3. Since the CFRP strips were not bonded all along the
beams, the actual location of the prestressing force was not exactly at the end of the beam.
However due tahe low prestressing force compared to the size of the beam, the camber
tends to be very small as will be shown later. Consequently uniform crosssection
subjected to areccentricprestressing forcavas assumedas shown in Figure 5.3The

cambemwasthen calculatethased on the following equation.

W (x)

Figure 5.3. Deflectin produced by prestressing force

Deflection along the beam corresponding to pinestressing force associated with the

eccentricity €) can be calculateas follows

W(X = ..PCQ.. (%) Pé?"ox (5.3)
2 1Q 2EQ, C
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whereE = 200GPaand the moment inertief sectionl, variousalong the beartengthdue
to thepresence of theover platesand CFRP stripsThe maximum deflection (camber) at the
midspan can be calculated follows:

P &IX

= 5.4
8@ 10 ®4)

To account for the self weight effect on the camigsy. (5.5) was used to determine the

positive deflection of the beam due to self weight shown in Figure 5.4

Figure 5.4 Deflection due to self weight

_50v 16

384 IC

The net camber during prestressiagcounting for self weightvas then calculated based on

the summation of Eg. (5.4) and Eq. (5.5)

Since thecamber during prestressimgas not measuredirectly, the recorded strain at the
midspan of the beams wased to determine the produced cambluding the self weight

effect. derived according to elastic strain analysisillustrated inFigure 5.1 From Figure
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5.1, it can be identified thatf:%, where the curvature \l) Is equal to«. The
-C r

maximum camber at the midspap €hown in Figure 5.4 can be calculated using E&).(5.

TTONE
D g Y40 & (55)

Figure 55. Bentbeamfrom which relation for elastic curve is obtained

5.2.2Comparison oPredicted and Measured Strain abBéflection

The change instraindue to release ahe prestressing force to the steel beam after epoxy
curingrepresergthe prestress stratransferred to the epoxyhese strains can loalculated

based on Eg. (5.8nd Eq. (5.2)Since the maximum deflectiqigamber)was at the middle

of the beam, the strip strain changesnadspan location (GS3yere higher than that at the
quarter poinf{GS1) as shown in Table 5.Actually, at release, the strains near the esfds

the CFRP strips primarily decrease due to force transfer over the transfer length, and to a
lesser degree, due to elastic shortening of the beam. Outside of the transfei.kengithhe
midspan), the strains in the CFRP strip are reduced at releas® elastic shortening and

camber of the beam. This latter condition is considered a form of prestress loss. At release,
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the change in strain in the steel results from the fact that the prestress is now transferred to
the beam through shear in the epoather than through the prestressing hardware. $ivece
prestress in the CFRP strips is reduced due to elastic shortening, the steel beam strains are

also affected by elastic shortening.

Table 51. Analytically and experimental change in strain aftesgnessing release

Analytical Experimental
P (kN) al O a) (O] adf OU & OU & O( aaf O
Specimen | GB1* GS3** GS1 GB1 GS3 GS1
23.0 15%F-S -25 -26 -17 -34 -15 -54
23.2 14%F-M -25 -21 -13 -72 -8 -76
62.6 35%F-M -70 -58 -37 -51 -80 -2143
65.3 37%C-M -79 -83 -58 -125 -19 -1058

*GB1 is a strain gauge located on the beam
**GS1 and GS3 are strain gauges located on the CFRP strips

Comparing thechange instrains in the beam and CFRP strip at the midspan (gauges GB1
and GS3), the general trends appear to be captured reasonably well by the &iatgsitie
experimental strains for specimeB8%F-M and 37%C-M were recorded within the
transfer length, aarge strain change was observé@the experimentalchange instrains

during load release were expected to be slightly lower, due to the self supporting system used
for prestressing procedure. Using this system, some of the prestressing strain is already
transferred to the beams through the support reactions, prior to releasing the prestressing
strips. In addition, it is possible that some of the strain may have been absorbed by the epoxy

deformation

Comparing the strains in Table 5.1, two results standaouwvhich the comparison between

the analytical and experimental strains is particularly poor. Under the higher prestressing
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forces (3537%), there is a huge difference in the prestressing strain losses in the CFRP strip
ends (gauge GSIhe analyticalequation assumes perfect bond between strip and beam;
hence, the calculatecthange instrainsare significantly lower than the experimental strain

losses

The beamcamberwas calculatedising static adysis of the crosssection(section 5.2.1.2)
for all prestressed specimeastabulated in Table 5.2. THeamcamber during prestressing

wascalculated based on measured strains at the midspginenn Table 53.

Table 52. Prestressing camber calculation basedtatic analysis

< = <

- P e | W | Yiaaaieo | Yiaowone | Yeon
Specimen x| (mm) | (mmfyx 108 | (N/m) | (mm) (mm) | (mm)
15%F-S | 23.0| 135 | 1.66 x 18 0.727 -0.052 -0.045 -0.047
14%F-M | 23.2| 134 | 1.67 x 16 0.727 -0.049 -0.045 -0.046
35%F-M | 62.6 | 134 | 1.67 x 18 0.727 -0.126 -0.045 -0.121
37%C-

M 653! 167 | 1.68 x 16 0.727 -0.162 -0.045 -0.158

Table 5.3. Prestressing camber calculation based on measured strains

Specimen O@uY | j (mm) | Y4 e (mm)
15%F-S 17 | 9.0E+06| -0.054
14%F-M 15 | 9.9E+06| -0.050
35%F-M 27 | 5.7 E+06| -0.087
37%C-M 38 | 4.4E+06] -0.113

Comparing Table 5.2 and Table 5.3, the maximum camber occurs in specime+id7%
can be seen that the experimental and calculated cambers are generally in good agreement.

The differences in the analytical and experimental cambers are mainly due rrangsau
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perfect bond between the CFRP strip and bém. prestressing camber is generally small

and barely visible indicating very minor effect of prestressing on the specimens stiffness

5.3 Static Analysis ofthe Bending Test
5.3.1 Analysis Description

The beam specimens in this study weestedin four point bending under nominal load
cycles ranging from 28 kN to 280 kN. The test scheme and the static analysis formulations

required for further considerations are shown in Figure 5.5.

- £ R = V .............. = P
«x+| |p P M_ (betweenloads) . . . . . .. =Pa
i i M, (whenx<a) . ... ... .. = Px
R R
—a —— A (atcenter). . . . . .. ... = Pa (3¢t - 4a?)
a a 24El
Y Px
A (whenx<a) . ... ... .. = —(3¥a — 3a® — x)
v ! 6El
* Shear V Pa 1 1
A.I(whenx::aandﬁz(f—a}) v o= —(3x = 3xt —ald
} 6El

Moment

Figure 56. Fatigue test scheme and formulations (NDS, 2005)
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In Figure 56, L (or ) = 2000 mma = 800 mm,R,,, = 16 kN, B,,.x= 140 kN, E (steel) =

200000MPa and the other properties vary with the strengthening configuration.

The same concepts of static analysis described in Section 5.2.1 based oavsitation

were employed tassesshe behaviour othe specimens during the flexural fatigue loading,
except that in this cas¢éhe external applied loads, including the pmesding force and
vertical load, were considered. This approach was validated using strain data obtained prior
to the initiation of fatigue cracking@nce the bottom and top fibre stresses are obtained, the
stresses and corresponding strains at any otitatibn can be determined for comparison

with the test data.

5.3.2Comparison oPredicted and Measured Strain and Deflection

The stresses and strains duegtestressing, prestressing lpaad bending moments during
fatigue testing were determined ugikq. (5.1) and Eq. (8). The total strains are then

calculated g summing the strains from easkage(Table 5.4) The strains values fahe

. The strains

. . . s
prestressing stage ware calculated basethestress strain relatione =
cfrp

produced bythe applied bending load were calculated using Eq. (5.1) and Eq.witR}he

prestressing forcé, taken azero. Losses and transferred strains are taken from Table 5.1.

The measured total strain recorded during fatigue flexural loadengiven in Table 5.5.
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Table 54. Calculated strains under flexural loading

Prestressing X = L/2 (midspan) X =L/4
Specimen U ( aab) U( &3%3 U ( &%)
Control 0 0 0
15%F-S 0 2329 2271
14%F-M 0 1664 1625
35%F-M 0 4284 2824
0%-C-M 0 0 0
37%C-M 0 4443 3124
Applied X = L/2 (midspan) x=L/4
load Mmax Mmin Mmax Mmin
Specimen| U( é@B) [U( @83|U( &@B)| U( @33| U ( @8)| U ( a8)
Control 530 0 62 0 0 0
15%F-S 519 548 61 64 372 43
14%F-M 514 426 75 62 290 34
35%F-M 514 426 75 62 290 34
0%-C-M 509 534 74 78 382 53
37%C-M 509 534 74 78 382 53
Losses & .
Transferred X = L/2 (midspan) X=L/4
Specimen U( aB) U( G333 U( &3)
Control 0 0 0
15%F-S -25 -26 -17
14%F-M -25 -21 -13
35%F-M -70 -58 -37
0%-C-M 0 0 0
37%C-M -79 -83 -58
Total X = L/2 (midspan) X =L/4
Strains Mmax Mmin Mmax Mmin
Specimen | U( @B) [U( @33 |U( @B)| U ( 33| U ( @3)| U ( @3)
Control 530 0 62 0 0 0
15%F-S 494 2851 36 2367 2626 2297
14%F-M 489 2069 50 1705 1902 1646
35%F-M 444 4652 5 4288 3077 2821
0%-C-M 509 534 74 78 382 53
37%C-M 430 4894 -5 4438 3448 3119

*GB is the strain gauge located on the beam
** GS is the strain gauge located on the CFRP strip
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Table 55. Measured total strains under flexural loading

Total X = L/2 (midspan) x=L/4

Strains M max Mmin M max M min
Specimen| U ( @eB) | O ( G833 | U ( GeB) | U( 33| 0 ( &B)| U ( G533
Control 542 0 89 0 0 0
15%F-S 488 2792 23 2386 2455 2290
14%F-M 454 2115 -14 1716 - -
35%F-M 462 4727 7 4330 3060 2854
0%-C-M 525 581 28 66 358 41
37%C-M 361 4976 -75 4503 3357 3152

*GB is the strain gauge located on the beam
** GS is the strain gauge located on the CFRip
***( -) Failed gauge

In general, the calculated and measured total straifahfes 5.4 and 5.5 compare well. The
strain values are close in magnitude, and the trends are siffiartensile stregsin the
beam decrease as the level of prestressing inare@pecimen 37%-M, which had the
highest prestressing levelxperiencedhe lowest bending strains (GB1) at the midsfdre

deflection range$ o P =248 kN at the midspan during the fatigue tests were calculated

FaoO

- — —— (3@* @ a®)) andare
24 E qQransfgred

including the self weight(D,,, = 5®v LO
384CE IQnsferred

given in Table 5.6 In general, the measured aprkdicted deflection ranges compare well.
The predicted deflectiaweresystematically slightly greater than the measured deflexction

A possible explanation for this is that the pin and roller restraints used in the actual tests

provided more restrainb&n assumed in the analysis.
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Table 56. Analytical and experimental deflections

Deflection Range (mm

Specimen

Measured| Predicted

Control

1.178 1.194

15%F-S

1.104 1.173

14%F-M

1.063 1.180

35%F-M

1.066 1.173

0%-C-M

0.838 1.165

37%C-M

0.695 1.165

5.4 BondBehaviour and Analytical Solutions for Shear Stress Distributions

Due to practical difficultiesstrains were not recorded during prestressing at the end of the

strips. Based on the observations and experienced debonding during presteegsoper

end clamp configuration was found to be essential to control the shear and peel stresses and

mitigate debonding at that location. In this section, a debonding analysis is presented to

explain the observed behaviour. In Section 5.6, the resiultés analysis are compared with

similar FEA results. Téljsten et al. (2008) modified an approach to calculate shear and peel

stresses based time work ofHart-Smith (1973) andAlbat et al.(1999). The shear stress in

the adhesive is defined by Eq. 1p.

t=G, ¢

whereGg; is the shear modulus of adhesive anmsithe shear strain.

(5.7)

For a given single lap joint (see Figur&)5modelledas the end of a CFRP strip bonded to a

steel surface, where the prestressing force is introduced as a tension force, T, the shear strain,

0]
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and for the inelastic region:

B
g(x) = S axo ( E?t OG - £,)0 (5.2

a

wheref 4is the yield strain, } is the plastic length, which is zero for the elastic region and:

—_— Ea
G,= T (5.3)
G 1 1
ey £ o0
1 : b

Gzt Bt Yy Py (5.5)
28 dsh(k) T E t OE &,

et B 1y Z (5.6)
2% $h(k) T E t OE U @,

Once the shear strain distribution is derived, the shear stress distribution may be obtained by

multiplying the elastic portion of the response by the shear modulus, and setting the shear

stress to equd'l'Jin the inelastic region. Because it is assumed that the adhesive has yielded

only at one end, the above equation is valid until the shear stress at x = ¢ (c = L/2) reaches

the yield stress. The solution for the case in which all the adhesive remairts cgasbe

obtained byassuming théor plastic length (k) equal to zero

131



L
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Steel (E..t;)

Figure 57. Schematic view of single lap joint model: geometric parameters

The simplified equations for elastic and plastic effective bond length are as follow:

L 4.6

el

(5.7)

b
Lo %[q o9 1) -1 13 while Lp|¢ [dz— 1} (5.8)

where:

g0=% and b =

) 5.9
g, e—) (5.9)

G, 1
t, E;Q

The shear stresses along the bond joint obtainedsiog the described procedure were

determined for two specimens with 37% prestressed and 14% prestressed CFRP strips. The

ends of the CFRP strips used in the experimental study were considered as single lap joints to
investigate the shear stresses at thedtlon. The material properties of Sikee30 with the

shear stress of; = 15 MPa Poisson s ratio ofQm456Pa0. 3, el a

thickness ofy;, = 2 mm and Sika Carbodur MM 514 with elastic modulu®gf 210 GPa

thickness o= 1.4 mm were used in the modelling of the single lap joint with a length, L
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100 mm(seeFigure 57). The plastic length for the 14% prestressed strip was determined
using Eq. () to be 26 mm while the yield straipg,, was calculated as; = 1,/ Q=
0.00333 and the ultimate strain of 0.01 leaded to 3fon Eq. (59). Thevariation ofshear
stress along the borldngthwere compared in Figure&.Increasing the prestressing force
from 14% to 37% shifted the plastic length from the end of the [eihere the shear stress

exceeds 15 MPa) from 2 mm to 21 mm.
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= - \
= 0 [N
@ 30 \ , Critical'region
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5 20 <—*'/( —— 14% prestressing |
T 15 N ) o prestressing | |
% 10 OIS — — 37%prestressing

5 \\\¥

0

0 20 40 60 80 100 120

Distance from end (mm)

Figure 58. Shear stress variation along the bond length

Another stress typef shear present at the end of the strip is the peeling dhesseding the
elastic deformation of the adhesive in the inelastic region in aofeqalane direction leads to

debonding, as illustrated in Figuré®5.

Theevaluation ofpeel stresss performed to evaluate the stresses after the load release in the
prestressing system. Clamping devices were mounted at the strip ends in order to prevent the
high peel stresses, which means that only shear stresses were imposed when the prestressing

systen was released. Shear and peel stresses in double lap joints with uniform adherent
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thickness including thermal mismatch effects, have been dealt with in the literature, in
particular byHart-Smith (1973). The formulation presented herein was modifiedgoesent

the single lap joint examined the current study (see Figdje 5.

CFRP (Eft,)

T"—| I_pT

E (Gg.ta)
Steel (E. 1) Poxy

Figure 59. Schematic view of single lap joint moddkebonding failure

The peel stresses in the reinforced joint were obtained from US Research Laboratory
Compos#te materialshandbook (2002)The exact form of the solutiors discarded inthis

reference irfavour of the following approximate solution:

Sp= $max [@OS dg;x @& % c"{—() (%J cos étgl e ¥ ét—'l) (5.10)

Where

| =

g,=@ éﬁ tt—f07 (5.11)

a
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The maximum peel stressgq ¢,can, canthen be found through the theory developed by

HartSmith (1973) an€adei et al. (2004), using the following expressions:

— .3C.Ea‘(bl7?-)tf %
Spmax = bnax © ) ) (5.12)
Where
C_ @-n,) y
gy 6 7 ° 23

Once the shear stredsstribution is determined, the peel stresses in the joint can be obtained
from Eq. (5.D). The resulting peel stress distribution at the end of the reinforcing strip with
37% prestressinggvel is illustrated in Figure 30. The material properties assuheere

chosen to match those of the materials used in the laboratory tests. The assumed maximum

tensile and compressive strengths of the epoxy were 24.8 MPa and 48.0 MPa, respectively.
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Figure 510. Peel stress variation at the end of strips (®réstressing) with and without end
clamp
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Looking at Figure 3.0, it can be see that up to 1.8 mm from the leolehd, the peel stress
exceeds the maximum tensile strength of the epoxy (24.8 MPa) indicating a critical bond
length susceptible to debondingedio peel stress. To mitigate the debonding a compressive
pressure (14 MPa) was applied at this location to work against the peel stress. However the
clamping pressure should not exceed the maximum compressive strength of the epoxy (48
MPa). Since the mamium peel stress in thepecimen withl4% prestressing was equal to

18.3 MPa, which is less than maximum tensile strength of the epoxy, debonding was not

observed atailure.

5.5 Elastic Finite Element Analysis (FEA) of Fatigue Specimens

5.5.1 FEA Model Bscription

Finite element analysis (FEA) is recognized as a useful tool for determining local stresses
and strains in complex structural analysis problems. ABAQUS (revision 6.7.1) FEA program
wasused to model the steel beams strengthened by stressedsaressed CFRErips. In

this section, FEAnodellingand FEA resultsare presented and compared with the available

test data and the analysis results presented in Sections 5.1 and 5.2.

The finite element analysis was performed in two stages. In thestiige, the unreinforced
specimen was modelled and a mesh refinement was performed to evaluate the adequacy of
the mesh. In the second stage, analyses were performed wherein all of the test variables were
modelled. The models for each specimen type weréyzeth separately for the cases of

prestressing and vertical (flexural) loading.
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Linear elastic material behaviour was assumed in the analyses, which made it possible to
perform the analyses under unit loads and use the principal of superposition toectimbin

results for prestressing and vertical loading. Due to symmetry, it was only necessary to model
a quarter of each specimen, in order to reduce the time required for each analysis. A

schematic view of the model and the boundary conditions is preseritepire 5.11.
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Figure 511. Symetrical modelling of quarter beam and boundary conditions

All of the test conditions, including the loading and support plates, were considered in the
analysis. In the first modeling effort, an attempt was made to ntbedillets in the wide
flange (W section) cross section precisely, as shown in Figu2€#.13D quadrilateral brick
elements (C3D20R) were used to model the W section, cover plate, welds, and
loading/support plates. With a coarse mesh, it was fouatdhle tracking of the curved fillet

by the automatic meshing feature in ABAQUS was inconsistent. Thus, this approach was
subsequently abandoned for a simpler approach, where these filletsoemnsideredThe

effect of this assumption was expectetheéonegligible.
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In the next modeling attempt, the revised geometry was discretized uniformly, with

guadrilateral elements forced to maintain an aspect ratio of 1:2. Due to the relatively low

thickness of the web, this resulted in an increased numbereofeat and a very time

consuming simulation(see Figure 5.2 (b)). Allowing the use of tetrahedron (C3D4)

e e e

R Tt e

g

elements, and relaxing the element aspect ratio limit, a third mesh was generated.

(b)&Bg corner model (fine mesh)

(a) Accurate geometry model
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(d) Final optimized model

(c) Square corner model (optimized)

Figure 512. Various iterations of the beam specimen FEA model
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In order to reduce the number of elements, the edges of the various model features were
Afseededo, so that the elements would be <con
crack (i.e, the weld toe and flange at the location of the cover @atdeweld, see Figure

5.12(c)). Finally, it was recognized that, since the primary output desired from the analysis

was the stress distribution along the anticipated crack path through the bottom flange, the
web and top flange plates could be modelled with 2&te elements (S4), resulting

significant increase in the analysis speed, with little loss of accuracy, see Figl(d).5.1

A convergence test was employed to identify the optimal number of elements (Chandrupatla
et al. 2002). The stress distribution at the weld toe was a main object of this FEA study so the
convergence test was implemented considering a very fine mesh lictition. The mesh

adopted in the end consisted of 539363 elements.

The assumed crack path along which the stress distributions were recorded is shown in
Figure 5.B. Figure 5.4 presents the stress distributions for the optimized model (see Figure
5.12(d)) and the model believed to be the most accurate (see Figare}.for the case of a

unit vertical load. Note that since the quarter model only contains one load point, a unit of
vertical load of 1 N applied the model actually translates to a tattidaldoad of 2 N in the
specimen, since the load was applied to the specimen at two load points. A good agreement is

seen in Figure 54 the difference in the peak stress at the surface is 1.3%.
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Figure 513. Stress path through tiiange thickness at the weld toe

In modellingthe strengthened specimens the CFRP strip was modelled as a shell element

using tie constraints to connect it to the beam, as showigume 5.5.
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Figure 514. Comparison between optimized and most accumatgels
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Figure 515. Shell element modelling of the strip

Because the exact mechanical characteristics of the interfacial bond between the epoxy and
the CFRP strip and steel were not known, a perfect bond was simplistically assumed between
the CFRP strip and the structural steel. The strip was located at acdiftam the flange
surface equal to the thickness of the epoxy plus half of the CFRP strip thickness. To make the
models more realistic, the prestressing procedure was introduced in twaestepatingthe

two steps used in the actual prestressing proeeperformed in the labatory see Figure

5.16 and Figure 5.1 In the first step, the end of the stwas restrained at one end and
pulled at the other. In the second step, the tie constraints between the nodes in the strip and

the top surface of théaihgewereintroduced and the prestressing fonsremoved.
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Figure 517. Prestressing Stepi2camber in beam after force released

Looking at Figure 5.7, it can be seen that a camber due to releasing the prestressing force is
produced (note: the camber in this figure is scaled up, so that it is visible). Vertical loading of
the model beam was performed in one step. Tie constraints were applied for kuiingno
and the vertical load was introduced as indicated in Figu& B.Heflection similar to the

actual deflection during the tests was observed.
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1Vertica| Load

Figure 518. Deformed shape of the beam model under vertical load

5.5.2 Predicteéind Measured Strain and Deflection Comparison

Even though a perfect bond was assumed between the CFRP and steel in the FEA work,
losses still occurred in the prestress, due to the elastic deformation of the beawlesfter

of prestressingforce In orde to have the same stress in the CFRP strips as in the
experiments, a higher initial foragasapplied in theFEA. As can be seen ihable 5.7 to

reach final stresses in the strips equal to the experimental values, the initial applied forces

wereslightly higher in the FEA than thexperimental applied force

Table 57. Comparison of the experimental and FEA applied force

Experimental FEA
Specimen P (KN) Initial P (kN) | Final P (kN)
15%F-S 23.0 25.3 23.0
14%F-M 23.2 25.5 23.2
35% F-M 62.0 62.5 62.0
37%C-M 65.3 66.15 65.3

A comparison of the camber during prestressing based on the FEA rasalysjsresults
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and experimentally derived results are given in Table 5.8. It is evident thAatkRhE A0 a n d

AAnal ysi so values are the closest.

Table 58. Comparison of prestressing cambers determined by various means

Specimen Experimental Analysis FEA
Camber (mm)| Camber (mm)| Camber (mm)
15%F-S 0.054 0.047 0.045
14%F-M 0.042 0.046 0.048
35%F-M 0.087 0.121 0.107
37%C-M 0.110 0.158 0.137

The strains for the prestressed and vertically lodmbzommodels corresponding to the tests

specimens (with actual prestress and vertical load levelgj\aein Table 5.9

Table 59. The prestressing and bending strains from FEA

b _ X = L/2 (midspan) x=L1/4
reStreSSIny Mmax I\/Imin I\/Imax I\/Imin
Specimen | U( éB) |U( é&33| U ( éB) |V ( d383| 0 ( a8} | U ( &3)
Control 0 0 0 0 0 0
15%F-S -30 2329 -30 2329 2271 2271
14%F-M -28 1664 -28 1664 1625 1625
35%F-M -72 4284 =72 4284 2824 2824
0%-C-M 0 0 0 0 0 0
37%C-M -81 4443 -81 4443 3124 3124
Applied X = L/2 (midspan) X =L/4

load Mmax I\/Imin I\/Imax I\/Imin

Specimen | U( @B) |U( 33| U ( éB) |V ( d83| 0 ( a8} | U ( &&3)
Control 533 0 53 0 0 0
15%F-S 517 547 59 63 209 24
14%F-M 508 532 58 61 163 19
35%F-M 512 425 59 49 163 19
0%-C-M 508 532 58 61 214 25
37%C-M 508 532 58 61 214 25
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The total strains in the strips and beams can be determined by summing the prestressing and
bending strains as shown in Table 5.10. The total strains obtainsuinpie analysis and

FEA are compared with the experimentally measured strains listed in $alfle

Table 510. Total strain comparison at three strain gauge locations

Experimental X = L/2 (midspan) x=L/4
Strains M max M min M max Mhmin
Specimen | 0Q)3GB1 | UQ)IGS3| UQPGBL | UQPGS3| UQPGSL| U PGS1
Control 533 0 53 0 0 0
15%F-S 397 2989 -26 2596 2798 2579
14%F-M 425 2115 -12 1725 1926 1708
35%F-M 338 4493 -99 4103 4303 4085
0%-C-M 501 709 50 71 217 22
37%C-M 330 4920 -121 4282 4452 4256
Analytical X = L/2 (midspan) x=L/4
Strains M max Mmin M max Mmin
Specimen | UQPGB1 | OQ WGS3| U@ WGBL | U PGS3| O PGs1| U@ PGS1
Control 530 0 62 0 0 0
15%F-S 494 2851 36 2367 2626 2297
14%F-M 489 2069 50 1705 1902 1646
35%F-M 444 4652 5 4288 3077 2821
0%-C-M 509 534 74 78 382 53
37%C-M 430 4894 -5 4438 3448 3119
FEA X = L/2 (midspan) X=1L/4
Strains I\/lmax M min Mmax M min
Specimen |U( @B) |0 ( G83| U ( GeB) | U( 33| 0( a8)| U ( &%)
Control 542 0 89 0 0 0
15%F-S 488 2792 23 2386 2455 2290
14%F-M 454 2115 -14 1716 - -
35% F-M 462 4727 7 4330 3060 2854
0%-C-M 525 581 28 66 358 41
37%C-M 361 4976 -75 4503 3357 3152

*GB is the strain gauge located on the beam
** GS is the strain gauge located on the CFRP strip #)*Failed gauge
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In general, Bhough the analytical and FEBased strains are not identical to the
experimentally determined strains, the predictions are reasonably close. A number of factors
were not considered in the analysis, which may have a significguaict on the results, and

thus explain the differences ifable 5.10 including: variations in material properties and
geometry, imperfections in the test set up, inaccuracy in the data recording, and human errors

during specimen fabrication such as wetgisandblasting, and epoxy application.

5.5.3 Predicted Stress Distributions along the Crack Path

One of the main reasons for performing the FEA work presented in the previous section was
to determine the elastic stress distributions along titecipated crack path due to the
prestressing and the subsequent applied cyclic loading. These stress distributions were
required inputs for the fracture mechanics analysis presented in Chapter 6, which was
undertaken to facilitate fatigue life predictiof the various specimen types, as well as
parametrial studies, where the various model parameters could be vahedresults of

FEA forthemodel specimens are given in Appendix B.

Typical applied stress distributions for the @4V specimen are reptad in Figure 5.9.
Looking at Figure 5.8, the effect of reinforcement without prestressing on the stress
distribution along the anticipated crack path can be SEERP reinforcement appears to
have no significant effect on the stress distributleigure 520 and Figure 5.2 show stress
distributions along the crack path for specimen 3794, under actual (rather than unit)

prestressing and vertical loads.
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Figure 519. Stress distribution along crack path gpecimer0%-C-M
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Figure 520. Stresdistribution along crack path fepecimer87%-C-M

In Figure 520, the different stress distributions (prestrassload, minimum vertical load of

28 kN, maximum vertical load of 280 kN) are shown separately. In FigutetBenetstress
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distributions are shown under the maximum and minimum loads. The net stress is the
difference between the stress under minimum or maximum load and the stresses due to
prestress only. Similar trend for the specimens with the medium modulus CFRPoatthe

flanges were obtained, as shown in Figur@ 2uad Figure 5.2
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Figure 5.2. Stress distribution along crack path for 484V case
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Figure 523. Stress distribution along crack path $precimerl4%F-M

The difference stresses (prestress load, 28 kN vertical load, 280 kN vertical load) in

specimenl5%F-S, strengthened using-SFRP strips attached on the flangaseshown in

Figure 5.2,
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Figure 524. Net stress distribution along crack p&ihspecimerl5%F-S
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5.5.4 Predicted Stress Distributions along the Crack Path for$adle Girders

To investigate the effect of applying prestresseRP strips to improve the fatigue
performance of deeper girders, the safitanal ysi s was p e rsfooalnmed
girders with the same materiptopertiesand strengthening configuration but larger girder

depths of 600 mm and 900 mm.

The FEA results for the unreinforced and reinforced (but not prestressed) cases are
summarized irFigure 5.3. Looking at this figure, it can be seen that the stress is reduced as
the size of the girder increase as expected. This trend can be explaitedfagt that the

unit load is the same for each girder, whereas the section modulus, which is a function of the

moment of inertia and the girder depth, increases as the girder depth increases.
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Figure 525. Stress distribution along crack path for ditet girder depths
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The effect of prestressing on the fatlale girders was investigated through the analysis of
reinforced models with 37% prestressing, see Figuré Based on these results, it can be
concluded that the prestressing effects decrease as the size of the girder intthasasa

of the prestressed CFRP strips is held constamtp a certain girder depth, beyond which,

the distributions tend to cearge.In practice, it is possible that a larger CFRP strip area
would be used on fukcale girders. However, by keeping the CFRP strip area constant and
only increasing the girder depth, it was possible to study the effect of varying one parameter

with respect to the other on the effectiveness of the reinforcement.
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Figure 526. Effect of girder depth on stress distribution due to prestressing

5.6 FEA Modelling of CFRP Strip End Debonding

The most critical problem encountered during prestressing wagettonding observed at the
time of releasing the prestressing load to the beam. An analytical approach was employed

previously to study the bond behaviour at the location where CFRP strip terminated on the
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beam (strip end) in detail. The interfacial shaad peel stress distributions at the end strip

were determined using this approach.

To evaluate the vality of the analytical results, tf@FRP stripend was analyzed using FEM
as shown irFigure 5.Z. The shear and peel stress distributions for a prestressing force of
37% were drawras shown inFigure 5.8 and Figure 5.B. Very similar patterns can be

observed fotheanalytical and FEM analysis results, as seen in this figure.

The critical locatiorwas 2.5 mm from the end for peel stress where the stresses exceed the
tensile strength of the epoxy (24.5 MPa). Lookingigure 5.3, it can be seen that the shear
stress never exceeds the maximum epoxy shear capacity (15 MPa). This suggests that end
clampswhich is expected to reduce peel strdgsufd be effective in preventing bond failures

after prestressing release.

CFRP strig

Beam=lange
Figure 527. End bond deformation modetl using FE&
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Chapter 6: Fatigue and Fracture Mechanics Analysis

6.1 Introduction

In the test program described in Chapters 3, only alsmumhber of fatigue tests were
performed, due to cost and time constraints and the relatively large specimen size. Although
the test results for the reinforced specimens show the potential of this retrofitting strategy
(Chapter 4)questions remajrdue tothe high uncertainties associated with the weld shape,
loading range, crack size, and welding residual stresses, prestressing stresses, and material
properties. In order to assess the significance of these uncertainties, a linear elastic fracture
mechanis (LEFM) analysis was employed to model the fatigue behaviour of unreinforced
and reinforced welded cover plate details similar to those studied in the laboratory test
program. In the following sections, the LEFM model is briefly described, the model
sensiivity to the various input parameters is studied, and then the model is applied to predict
the fatigue performance improvement under various conditions not examined in the test
program. These conditions include: various stress ranges and ratios, prestlessls

greater than 37%, and prestressing applications tadalke girders.

6.2 Comparison of Test Results with Design-8 Curves

Prior to conducting the fracture mechanics analysis of the test specimens, the test results
were compared with designresslife (S-N) curves for welded fatigue details from the
Canadian Handbook of Steel Construction (CISC 2007). According to-kheusve method

for fatigue design, fatigue life is determined by comparison with a design curve that relates
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the fatigue lifeto the applied nominal stress range. Nominal stress, in this case, is the stress
applied in the general vicinity of the fatigue detail, but does not include the additional
stresses due to the local stress concentration introduced by the fatigue detalkesidn

curves used in this approach are based on large volumes of test data. Typically, the design
curves are taken as lower bounds of the test data, representing a 95% or a 97.5% survival
probability. According to (CISC 2007), welded cover plates shbaldesigned using Detail

Category OE®6 design curve if the plate thick

Il n Figure 6.1, the test results are compare
Looking at this figure, it can be seen that thdl Sata point forlte unreinforced specimen
falls jJjust slightly below the Detail Catego
point to fall above the design curve. Possible explanations for the below average result
include: below average weld quality or specimesatignment causing a higher local stress

level at the location along the weld where the fatigue crack eventually initiated.

Not only the fatigue life improvement for the reinforced specimen is clearly evident but also
it can be stated that a proper reiciEment using prestressed CFRP strip bonded on the cover

pl ates upgraded the specimen from category
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Figure 61. Comparison of design-8 curves and test results

6. 3 LEFM Analysis of Fatigue Tests

6.3.1 Model Description

A linear elasticfracture mechanics (LEFM) model was used to predict the results of the
fatigue tests. A similar model was used previously to predict the effects of peening
treatments on the fatigue performance of w@ldalbridge 2008). The model is based on the

ParisErdogan crack growth law (Paris et al. 1963), modified to account for crack closure
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effects and a threshol d sKuyrTeesmmbermotoyadestot v f
failure, N, is calculated by numerically integrating the following expression over the crack

depth rangeg to a):

* da
N =} — — (6.1)
a CMAX (DK™ - 1K,"0)
The eff ect iKeisc8ldulbtedrasfollogns:, o
DKot K MAX (K K (6.2)

whereKmax Kmin, @and Kqp are the SIFs corresponding to the maximum, minimum, and crack
opening stress levels for each stress cycle, respectively. The various SIFs are determined in
terms of an elastic weight functiorm(b,a,c) (Shen and Glinka, 1991), and the stress

distribution along the crack path(b), integrated over the crack depth:

K=ps(b) &(haqg d (6.3)
0

wherea is the crack depthij(b) is the stress at depth, andc is half of the semelliptical

crack width. The weight functions for sewiiiptical surface cracks from Shen and Glinka
(1991) are used in the model. The model requires knowledge of the applieesitual

stress distributions along the crack path. The latter includes the residual stress distribution
due to the welding process, plus the residual stress due to the CFRP prestressing. These stress
distributions are superimposed to obtain the totadsst distributions associated with the

maximum and minimum applied load level.
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The stress distributions at the weld toe, through the flange thickness, created by welding,
prestressing, and the applied vertical load are schematically drawn in Figuiteh@been
observed in many studies that the residual stress distribution created by welding is not
constant and tends to form as shown in Figure 6.2(a) (Katlak 1993, Monin et al. 2008,

Paradowskaa et al. 2006, Roy 2003, Stacey 2000).

More specifially, the residual stress distribution due to welding is generally tensile at the
surface and near zero or even compressive at thedepih. The tensile stresses at the
surface can be as high as the yield stress of the ¥geHowever, a 60% of thgield stress

is a more typical value (Stacey 2000). In this study a uniform residual stress distribution due

to welding is conservatively assumed, as a simplification, with a magnitude '|70°§, 0.6

(Walbridge 2008).

The stress distribution generated by thesfressed and bonded CFRP strips is obtained from
the FEA analysis presented in Chapter 5. This stress distribution is a function of the

prestressing level, the material and geometric properties of the strip, and the strip location.
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The crack opening SIF is calculated using formulas from Newh884). These require

knowl edge of the #ff |Ilg whictsdanm ke saked asdhfe averagéyof mat er i &
andl,. In calculatingKop, rather than the stress ratfax/ Uo, the SIF réo: Kmax/ Ko is used

as proposed by McClun¢1989), whereKo = lp)A@" Aa) . The <crafklk shape

assumed to be equal to 0.2, similatite work byWalbridge(2008).

For the application of the crack closure model, the nominal yield and ultistrategth
properties of CSA 350W steel were assumed (CISC 2007). A uniform tensile residual stress
due to the welding process was simplistically assumed with a magnitude of 60% of the steel

yield stressbased orstacey(2000 andWalbridge(2008).

For eachcrack depth and stress level, the maximum, minimum, and crack closure SIFs are
calcul at ed. Us i Kgrant évéNsare thenadetermireed. &hre $atiguedpfe is
then obtained by numeridgl integrating Eqg. (6.1). Table 6.1 summarizes the ihjtia

assumed values for the various model parameters.

Table 61. Model parameters assumed for LEFM analysis

Paramet¢ Value | Units Reference
T 16.3 mm (CISC 2007)
Oy 350.0 | MPa (CISC 2007)
Oy 450.0 | MPa (CISC 2007)
Oweid/ Oy | 0.6 - (Stacey 2000, Walbridg2008)
C [B.1x10Y N, mm (Walbridge 2008)
m 3.0 - (Walbridge 2008)
Kin 80.0 MP a A (Walbridge 2008)
3 0.15 mm (Walbridge 2008)
ac T/2 mm (Walbridge 2008)
alc 0.2 - (Walbridge 2008)
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6.3.4Sensitivity Studies of Key Model Parameters for Control Specimen

Due to the high levels of uncertainty associated with the various model parameters, many of
which were not measured in this study, sensitivity studies were performed, in order to
determine he significance of the various parameters on the analysis results. The reasons that
variations in the model parameters can be expected include variations in the: specimen
geometry, welding process and quality, and material properties of steel obtained from
different sources. Based on previous research (Walbridge 2008), it was determined that the
following parameters either vary significantly or have a significant influence on the analysis
results: the crack growth constan@:m, a Kyl andpthe crack genetry parameters;

anda/lcc. Table 6.2 summari zes val Camimfassumedar i s 6
various other studies for fatigue fracture in structural steel. Looking at this table, it can be

seen tha€ typically ranges from 0.137x16to 5.21x10"* when units of N

and mm are usedjranges from 3.0 to 3.6.

Table 62. Values forC and mreported or assumed by others

Reference Steel Typel| C(NA mn m

BS 7910 (1999)| steel in air] 5.21x10"° 3.0
Hobbacher (2005  steel 5x10" 3.0
Radaj et al. (1990| structural | 3x10™ 3.6
Radaj et al. (1990] St. 37 | 0.13%10™ 3.3
Bremen (1989) | structural | 4.7x10% 3.0
Dubois (1994) | structural | 3.48x10™ 3.0
Gurney (1979) | structural | 1.83x10™ 3.0
Bhuyan (1989) | 350W | 1.3310%° 3.0
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To study the effect of varying these parameters on the predicted fatigue behaviour, analyses

were repeated for the unreinforced specimen, ®@idndm varied, based on Table 6.2. The

results of these analyses are summarized in Figure 6.3.

Stress

nal

No mi

300

100 |

10

- —=—c=3.107 EL3, m = 3 (Assumtions
F-m - c=0.148E13, m=3.34

L -=---c¢=0.137 E13, m = 3.3 (upper bounc
------- c=133E13 m=3

c=183E13 ,m=3
----¢c=5EFE13,m=3

c=5.21 E13, m = 3 (lower bound
c=348E13, m=3
—-—C=116E13, m=3

B Control specimen .
5
1.10 1.10° 5.10

Number od Cycles,N

Figure 63. S-N curves for variou€ and m values
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Looking at Figure 6.3, it can be s@aamt hat v
causes a significant shift in theNscurve position determined by the fracture mechanics
analysis. In general, the!$ curve position shifts downwards &sis increasd. Comparing

the envelope of the analysissed SN curves with the data point assde@ with the fatigue

test, it is confirmed that the data point falls within the envelope, closer to the lower bound

and slightly below the curve associated with the parameter assumptions made for this study.

Table 6.3 summarizes assumptions made fortheetls hol d stress iKgtensit
in various other studies f oKy isdvenuetheruas a | St e
range, or as a function of the applied stress r&iokor design purposes, it is generally
considered safe to unders t i rKa.tTleus, this parameter is often taken as zero, or the

lower bound of the range is used (or the value associated with a high applied stress ratio).

Table 63.Va |l u e &, réported ogassumed by others

Reference Steel Type pKt(MPa A& mm)
63 (R >0.5)
BS 7910 (1999) steel in air 170i2 14AR (0 Q
170 (R < 0.0)
Hobbacher (2005) steel 144190
Bremen (1989) structural 70-130
Dubois (1994) structural 100-160

Figure 6.4 shows the results oKypasumed: @, 80ks per
and 160 MPaAamm. I n these analCuasdmwereused.e or i
Looking at the curves in this figure, it can be seen that changing this parameter has no effect

at the higher applied stress ranges. The main infli®f this parameter is that it introduces a

Aconstant amplitude fatigue | imito, bel ow wh

Comparing the analysis curves wi tKyistikblye t es't

163



l ess t han 1 6t0no kdeinoAadinformatiowavailable regarding this parameter,
the preassumed value is retained in the subsequent analyses, as it is thought to be a

reasonable estimate of the average value for this parameter, based on experience.

300

100 | T

Stress

——®K th=0 M
L---——&eK t h=80
&K th=160
B Control specimen

Nomi nal

1.10°
116 Number of Cycles,N 5.10

10

Figure64. SN cur ves Kgpvaluesari ous o

Similar analyses were performed to investigate the effects of the initial crack deating

crack shapeg/c, on the predicted fatigue behaviour of the unreinforced specimen. The results
of these analyses are presented in Figures 6.5 and 6.6. Looking at Figure 6.5, it can be seen
that the predicted fatigue life decreases (i.e. i &irve shifts downwards) dlse assumed

initial crack depth increases. In general, however, this shift is small compared to the shift
resulting from varying the crack growth constants over their expected ranges. Looking at
Figure 6.6, it can be seen that the predicted fatigue lfecdses aa/c decreases. With no

measurements available for the initial crack depth and crack shape parameters, typical values
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based on the literature review were emplogdtlbridge 2006) Although the actual crack
parameters applicable to the test spexis may differ, the effect of varying these parameters

on the predicted fatigue behaviour is small.

S0o0
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«
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o
= a=0.1mm
----a=03mm
10 = = 1] ] ] ] ]
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Number of Cycles,N
Figure 65. S-N curves for various; values
s00
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()
100 :
©
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1.10% 1.10° 5,10
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Figure 66. S-N curves for various/c values
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Upper and lower bound-8 curves were derived based on ffa@ameter values ifiable 6.4

Analyses were performed using the upper and lower bound values for the various parameters.

The results are presented in Figure 6.7. Looking at this figure, it can be seen that the test data

point falls between the pgssumd and | ower bound curves. No at
the analysis curve to the test data point, since the analytical model employs such a large
number of input parameters, and it could not be determined with any certainty, which
parameter to calibrate.e\tertheless, the analysis performed with thegasumed values for

the input parameters gives a reasonable estimate of the test result for the unreinforced
specimen. On this basis, the @&sumed valugg able 6.1)were retained for the subsequent

paraméric studies.

Table 64. Parameters used for upper, lopend assumed-8 curves derivation

Parameters| @ (mm)|a/c(mm)| m C (N,mm) pKt(hMMPaAam
Upper bound 0.05 0.5 3.3 0. 13mBA 160
Lower bound 0.3 0.1 3.0 5.2110-13 0.0
Preassumeq 0.15 0.2 3.0 3.10710-13 80

S00

(7]

(7]

(]

& 100 |

= - = | ower bond

—=— Pre-assumed

Nomi nal

- --- Upper bond

110 1.10° 5,10°
Number of Cycles,N

Figure 67. The upper, lower and best fiti$ curves
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6.35 Analysis of Retrofitted Specimens ugingLEFM Model

Following the sensitivity studies presented in the previous section, analyses were performed
for the reinforced specimens. For these analyses, the compressive stress distributions due to
the prestressed CFRP strips obtained by FE analysis, as discuStepiar 5, were used to
modify the residual stress distributions used in the analysis. The results of these analyses are
presented in Figure 6.8. Looking at this figure, it can be seen that, in general, the fatigue life
increase due to the CFRP reinforcisgpredicted reasonably well by the analysis. Certain
trends are also closely predicted. Specifically, the model predicts that the CFRP reinforcing
will be more effective if placed on the cover plate, rather than the flange. This is consistent
with the geeral trend observed in the tests. In general, the analysis predicts that the fatigue
life increases with the prestressing level. This trend was not systematically observed in the
fatigue tests. Based on the analyses presented in this section, it cae toncluded with

greater certainty that the reason for tHiscrepancyis likely the normal statistical scatter
inherent to fatigue testing. It is believed that if a larger number of repetitions were performed
of each test type, the general trends obskmvehe analysis results would be apparent in the

test results.
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Figure 68. Comparison of LEFM analysis and test results

The reinforcement and prestressing effects on the effestiess intensity factor range

( @k and the residuahtensity factomr a n g g9 aregpiesented in Figure 6.9. Topeks
and o Kes curvesare plottedfor the unreinforced, 09e-M, and 37%C-M cases under an
applied load with R = 0.1 analS = 100 MPa. Thepk¢ curves(Figure 6.9(a)show that
under these loading conditions, most of the fatigue life increase is coming from the addition
of the CFRP strips and not the prestressing, sinceptiig curves are basically identical for

the 0% and 37% prestressing cases. However, the pssggemay also have more
pronounced influence aip K if the residual stress due to welding is lowered to 30%.iK

the SIF due to t B9 indudirgiweldirgland prestressing eeBects( 0

calculated based on equation 6.4.

@

Kres = [Fres(P) B(b a g df (6.4)

0
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Looking at Figure 6.9(b), it can be seen that the dréstressing influences & The result

shows that the prestressed specimen has better performance in lower stress ranges and ratios.

6.4 Parametric Study with the LEFM Model

6.4.1 Applied Stress Range and Ratio
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The applied stress range and ratio wetadied for the most effective strengthening
configuration (strips on the cover plates) to investigate the effects of prestressing on the
fatigue life. Analyses were performed for unstressed and 37% prestressed reinforced
specimens. The results of thesalgses are presented in Figures 6.10 and Figure 6.11. The
figures illustrate that the fatigue life increase due to the CFRP reinforcing is predicted
reasonably well by the analysis. Certain trends are also closely predicted. Specifically, the
model predict that the CFRP reinforcing will be more effective in the case of lower applied
stress range. Regardless of the level of prestressing, the fatigue life goes tovuhfamtbe

stress ranges lower than 25 MPa. This is consistent with the general trend observed in the
tests. In general, the analysis predicts that the fatigue life increases with the prestressing
level. This trend was not systematically observed in the fatigue tests. For stiegsed
specimen model, the fatigue life increases as the stress ration (R) decreases while the stress

ratio appears thave no effector unstressed model specimen.
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6.4.2PrestressingLevel Study

Figure 6.12hrough Figure 6.14 show the results of analyses performed with three values for
prestressing assumed: 40%, 60%, and 75%. Looking at the curves in these figures, it can be
seen that changing this parameter aa®ffect atsameapplied stress ranges and oatiin

fatigue life improvement. The fatigue life increases generally as the prestressing level
increases. However the effects are more observable for the case with higher prestressing level

(75%C-M).
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6.4.3 Analysis of FulScale Retrofitted Girder

Following the studies presented in the previous sections, asaleye performed for full

scale reinforced specimens. For these analyses, the compressive stress distributions due to the
prestressed CFRP strips obtained by FE analysis, as discussed in Chapter 5, were used to
modify the residual stress distributions abéal in the analysis. Two fuicale girders with
retrofitted using M CFRP strips bonded on the cover plates with 40% prestressing were
considered. Similar materials and strengthening configurations appégtuslywere used

to model the girders with 600 mm and 900 mm depth, respectively. The results of these
analyses are presented in Figure 6.15 and Figure 6.16. The figures depict that the prestressing

is still effective. Although the prestressing effect on fatiifiseimprovement for the larger
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girder size is not as much as for the smaller girder size; nevertheless, the fatigue life increase

due to the CFRP reinforcing is predicted reasonably well by the analysis.
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Chapter 7: Summary and Conclusions

7.1 Summary

The main objective of this studhyas beeno evaluate the use of CFRP composite materials in
strengthening steel girders. This included strengthening intact members using unstressed and
stressed CFRP strips to increase their fatifjtee Both experimental and theoretical
investigationshave beerarried out. In principle, the studiemonstratethe potentialof this
strengthening technique. Also, the findings of this research program will enable engineers to
make more informative decisions regardthgretrofitting of steel girders usingrestressed,

adhesively bonded CFRP strips amtl assist inthe development akliable design guides.

The experimental investigation comprised two parts. Part one included the prestressing
procedure. Five steel \skctions were strengthened using diffiereonfigurations and
modulus of CFRP strips. Ithe second partthe prepared specimeasd control specimen

were testedh cyclic four-point bendinguntil fatigue failure The study considered the effects

of CFRP striptype, location and prestressinigvel on fatigue life.

Analytical and numerical models were developed validated by comparison with the test
data.The numericalfinite element model was applied to investigathe stress distribution
at the weld toe and bond behaviour at the end obdimel length. The analyticahodelwas
usedto investigate the elast@oss sectioand bond behaviour. At the end of study.EFM
analysis was employei predict the fatigue life of each speciméime models weréhen
used in parametric studies to exaen a wider range of parametenscluding other

prestressing levels and girder depths
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7.2 Conclusions

7.2.1 Prestressingnd Prestressing Force Release Procedures

1. The simple gripping system is reliable for prestressing the CFRP strips up to 8¥86 of
ultimate strength of the CFRP strigsing sandpaper to increase the friction between the

steel plates and strips.

2. A proper surface preparation consisting of sandblasting the steel surface and wiping the
CFRP strip surfacevith acetoneprior to applythe epoxy is essentidbr achieving

adequatéond behaviour.
3. The prestressing force should be released very slowly to avoid debonding.

4. Based oma numerical studyit is concluded thathe debondings causedby excessive
peel stresses occurringthin 2 mm from the bond end’he use of ghysical clamgs

shown to b& viable way of mitigating this debonding.

5. At load releasethe prestresforce transfes to the beamhrough the bondThe length
required for this transfer to take plac&kiown as the transféength This lengthvaries,
depending orthe level of prestressinghe lowestransferlengthwas seen fospecimen
14%F-M to beequal to 150 mm and the great#rainsferlength belonged to specimen
35%F-M and was equal td00 mm The development length was far fraime critical
fatigue detail, and thus, did not play a role in the fatigue behagidine specimendn
practice, however, thieansferlength should be kept in mind when designomgstressed

CFRP reinforcements
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6. Most of thetime depenéntlossesincludinglosses due toreep ofthe epoxy and elastic
shorteningof the steel beangccurred within three days from load relea&éer three

days no noticeable lossesaneobsened

7. The cambes producedby the prestressed CFRP stsivere very smal] rangingfrom

0.05mmto0 0.113 mmbased on the measursithin data

7.2.2 FatigueTestsand Analytical Studies

1. The MCFRPstrips increased the fatigue life tife investigated fatigue detdéy 58% and
125% in the cases of unstressed and réstressed CFRP strigecatedon the cover
plates respectivelyA 41% fatigue life improvement was achieved for the specimen with

35% prestressedFRP strips on the flange in this experimental study.

2. The MCFRP strips weremore effective tharthe S-CFRP strips in improving fatigue

performancef the examined cover plate detail.

3. The location of the CFRP reinforcing strips was fountaee a significant impaan the
fatigue life The beams with gps located on the cover plates showed a greater fatigue life

improvement than those with strips located on the flange

4. The control girder failed by flange fracture and crack growth from the tweldoward
the web. In the strengthened girders wtik CFRP strips on the flange, debonding after
99.5% of fatigue life was followed by a rapid failure for the specimens strengthethed

CFRP strips on the flange. Whereas the failure of the spesisiremgtheneavith CFRP
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strips on the cover plat@ésvolved crack growththrough theflange thicknesand intothe

weh, followed byfracture of the beam andupture of the strips.

5. Parametric studiessing the validated LEFM modshowed that the effectiveness of the
CFRP stripsis increased byprestressinghe CFRP strip to devel of 37%. However

higher prestressing can enhance the fatiguelénfurther.

6. Reinforcement using prestressed CFRP stapplied on the cover plates not only
increased the fatigue life but also upgraded the detail categogyrddr from Detail

Category E to Dvithout additional welding or bolting.

7. Theprestressed CFRfeinforcing effectiveness was seen to reduce as the girderwapth
increasd (if the area of CFRP is held constant) to a certain depth, beyond whicle th

reinforcing effectiveness is constant

8. The residual streshue to thevelding procesdecreasgthe beneficialeffects ofthe CFRP
prestressingln the case ofargescale structurewith higher residual stredsvels due to

the fabrication proceshigher prestressing lessreessential.
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7.3 Recommendations for Future Work

The research worldescribed in this thesisn the strengthening of steel girders using
prestresse€FRP stripshasdemonstratethe potentiabf this approach A number of mpr
achievements have been accomplished in termgewéloping ahorough understanding of
the behaviour, failure modes, and mdday. Future research however, still needs to be

carried outhoweverpon the followingareas

1. Optimization of the prestresing procedureand the development of amdependent

prestressing device, prestressing force release and end clamp arrangement are necessary.

2. A study on the effect of prestressed CFRP strips on delaying fatigue failure of steel girders

or plates with dferent welding and stiffeners configuratioissneeded.

3. To investigate size effectgatigue testing of largecale steetoncrete composite girders
strengthened or repaired using prestressed CFRP sifitipsrarious reinforcement ratio

and prestressing levelgould be of great interest.

4. A study ofthe effect of using prestressed CFRP strips on the behaviour of already fatigue

damaged bridge girdeirs recommended

5. Examiration ofthe behaviour of ERP-retrofitted girders under combined service loads
and environmental conditions, including moisture and severe temperature gradient

exposuress recommended

6. The establishment @omprehensive design guidelines for steel girders strengthened using
prestressed CFRP materiabuld be made possible with the completion of the other future

work items listed in this section
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Appendix A

A.1 Material Mechanical Properties

The stresstrain diagrams for the NNFRPand SCFRPstrips are plotted ifrigure A.land

Figure A.2 based on the applied prestressing force and the strain measured during
prestressg. From these figures the elastic modulus values are determined to be equal to
165570 MPa and 209410 MPa ftire SCFRP and MCFRP strips, respectively. These

values are in agreement with the material supplier’'s data sheet.

Poisson's ratio of the CFRRip was also determined using measurements from longitudinal
and transverse strains on the strip during prestressing. The slope of the curve shown in Figure

A.3 is the Poisson's ratio of &@FRP and SCFRP strips and it is equal to 0.3136.
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A.2 Gripping Tests

The gripping system waigitially tested in a vertical tension teas shown inFigure A.4

The value of the bolt tightening forte ensureninimal sliding was considered the main goal

of this test. Two types of CFRP strips, S512 and Mbé#e tested. A 556 mm long standard
modulus (S512) strip was tested first. Then, the gripping system was examined using the

same length of high modulus @\14) strip.

Load Cell

Upper Grip
(moving end)

CFRP Strip

Lower Grip
(fixed end)

FigureA.4. Gripping test setup

A.2.1 Observations

The load was applied to the strip by moving the upper end upward. Increase of the applied
load to the CFRP strip was transferred to the interface of steel plates, aluminumapldtes
strips as shear stresssisted bythe interfacial friction between the surfaces. The bolt

tightening force played a significant role in the performance of the gripping system. Higher
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levels of applied pressure to the strips dnditional tightening of bolts can increase the
interfacial friction but can also produce a camber at the steel plates, introcuning

uniform pressure distribution. Consequently, a premature failure of slippage can result as
shown inFigure A. §a). Since the pressure at both edges of the strip whsrhigan that at

the center, the middle part of the strip, where the pressure was less than at the edges, started
to slide. On the other hand, a proper use of annealed aluminum plates to prevent strip
crushingand adequate tightening force can lead to the bestsdsigiire A.5(b) illustrates a
combined failure mode of sliding and stripusiing with the maximum applied load. In
Figure A6the black marks on the aluminum plates show the location of sliditige atrip

edges. In spite of better pressure distribution, the sliding was due {oniform pressure
distribution that still exists. It could be mitigated using very thick steel plates. However,
because of practical difficulties withe prestressing $eip such as weight and workability

the minimum steel plate thickness and size evexsen

(@) (b)

(a) Premature sliding (b) Combination of sliding
and strip fracture

FigureA.5. Failure ofgripping test
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