STRUCTURAL REHABILITATION OF DETERIORATED POSTTENSIONED CONCRETE
BRIDGE CANTILEVER WING SLABS UTILIZING POSTTENSIONED CFRP RODS

By

Faraj Shahrstan

Submitted in partial fulfilment of the requirements

for the degree of Master of Appli&tience

At

Dalhousie University
Halifax, Nova Scotia

DecembeR022

© Copyright by Faraj Shahrstan, 2022



DEDICATION

| am dedicating this thesis to my beloved mother, MaXasef my brother, Rinad Shahrstan, my
father,Dr. Kamil Shahrstapand my engineering mentor, Ray Danidlsank you for the endless
fruitful discussions and conversatioms havehad and fothe muchneeded guidanand support
in my personal life and profassal career pathYou haveall championed mefostered me,
invested in meandsupported me owmariouslevels and to youl owe it all. | will never cease to
fight for with the right mindset, toolsjirtues,and values] am unstoppable and wiklways be

victorious.fiStretchingoumy wi ngs al ways to soar high with 1



TABLE OF CONTENTS

Listof Tablest é e e e éééeéeeéééeeeceééeeeceeééeeceeééee. v

Listof Figurest e é e e éeéeéeéeééeeéeéeéceeceececeéeeceée. i

s 7

Abstractc e é é e eeeéééeeeeééeececeeééeeceeecééeeeéé. xiv

[N

List of Abbreviations and SymbolsUséck ¢ ¢ é e ¢ éé e éééeéeééeééeéé.xv.

XX

D

Acknowledgements e é ¢ e ééeeéeeéeeéeeéeéeéeececcee

[N
H

Chapterl INTRODUCTIONé é éeeeéééeeceéééeeeceéécéecece.

1.1 Motivatione é éeééeééeeééeecéeeceéeeceéeeéeece.l

sz

1.2 ResearctObjectivest ¢ é 6 € éééeéeéééeéééeéééeeééece

[N
w

s 7

1.3 ResearchScopeé é € ééééééééececeeeeéeééééececee

([N
w

s 7

14 ThesisLayoue e éeéeéeééeéeéceééceéeecéeecéecté 4

m\
(&)

Chapter2 LITERATUREREVIEWEé é ¢ éééeééeééecééeééeecéee

s 7

2.1 FRPRehabilitation of Concrete Bridddement® é é € € € € € € é é é

D~
(o))

2.2 CFRPANnchorageSystemsé é e e ¢ éé e ééeéééeéeééeéeéé.ll

23 ResearchGapse éeééeééeéeeéeeéeeéeéeéeé . l6

Chapter3 CFRP ANCHORAGE EXPERIMENTAL PROGRAM é ¢ é ¢ é ¢ é ¢ ...18

3.1  Anchorage Design and Materid@lse € € € € 6 € € éé éééeéé .é .18
32 ASTMD7205FRP TensileTests é é € ¢ é é ¢ éééééééeééeé.23
3.2.1 TestMatrixand Fabricatiohé é é é e eeéeéééééeéeée .23
3.2.2 TestResultsandDiscussiéré ¢ é é ¢ € €€ éééééééeé .27

sz

3.3  PreliminaryAnchorage Proof of Concepestse¢ é e e e e e € € é é é é .27

3.3.1 TestMatrixand Fabricatiohé é é é ¢ é é é ¢ éé ééééé .28

3.32 TestResultsandDiscussiére ¢ é ¢ ¢ ¢ é éeéééeéeeéeéé .33



3.4

35
Chapter 4
4.1
4.2
4.3
4.4

4.5

4.6.

4.7

Chapters

5.1

52

,,,,,,,,,,,,,,,,,
//////////////////
,,,,,,,,,,,,,,,,,,

////////////////////

,,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,
,,,,,,,,,,,,,
,,,,,,,,,,,,
Bri : ,
ridge Cantilever Loading Pr oééoé.64
,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,

///////////////

rrrrrrrrrrrrrrrrrrrrrr
rrrrrrrrr

,,,,,,,,,,

51.3 CFRP Rehabilitation Speci mer . 1$2rvice

,,,,,,,,,,,,,,,,,

iv



,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,

AppendixA  Control Specimen Loading Protocol and Test Observaiohs € € é é é 125

AppendixB CFRP Specimen Loading Protocol and T@sservationg ¢ é é ¢ é é ..é 129

////////////

AppendixC Control Specimen PodtensioningRecord é é é ¢ é e é ¢ é ¢ é é 6 138

"""""""

AppendixD CFRP Specimen Pa3iensioningRecord é é é é e é e e é é é é é ..142

,,,,,,,,,,,,

AppendixE CFRP SpecimenPe3Stensi oni ng Record éeéeéeldiieéeceéce:l



LIST OF TABLES

,,,,,,,,,,,,,,

Table3-1. CFRP Rod Material Propertiésé ¢ e e ¢ ¢ é ééééeeéeéeé. . . eaeé

,,,,,,,,,,,,

Table 3-2.  Anchorage Constituent Materigdsé e e ¢ ¢ é é ééeeééé. eeée 0. 2

,,,,,,,,,,,,,,,,,,,,

Table 3-3.  Anchorage Material Propertiésé e e e ¢ é ééeeeéeéééeee. 1.2

///////////////////

Table 3-4. ASTM D7205TensileTestMatricé é € é é ¢ éééeéééeéeéeée.2

,,,,,,,,,,,,,,,,,

Table 3-5. ASTM D7205Tensile TestResultsé ¢ ¢ ¢ é e ééééééeéeée. . 7. .2

,,,,,,,,,,,,,,,

Table 3-6.  Preliminary Proof of Concept TestMatéxé é e e e e é éééeeéeé. 92

Table3-7. CFRP Anchorage Test Loading Prototol ¢ééé¢é
Table 3-8.  PreliminaryAnchorageCFRP Proof of Concept TeResultt ¢ € ¢ é é é . 5. 3
Table3-9.  Anchor Static TestMatrig e é é e éééeeééeééeeéé.éeée. .8 .3
Table310. CFRP Anchor Static Test Resudédééeéckeéecéeéee
Table311. Fi nal CFRP Anchorage Materials ééxxééeééé
Table 4-1. Reinforcement Material Design Propertieg € € é é é é € € € é é é é . 8

Table 4-2.  ReadyMix Concrete Specificatons ¢ ¢ é € é 6 € éééeéééeééé. 9. 4

Table 4-3.  ExperimentaBridge Cantilever Specimen Descriptiéré ¢ ¢ ¢ € é é é é .50

Table 4-4.  Bridge Cantilever Specimen Anchorage Systénisé ¢ é € ¢ é ¢ ééé . 1. 5
Table4-5.  Fixed Experimental Parameté&r® ¢ ¢ € é é é e e ééééééeéeéeé. 45

Table4-6.  Bridge Cantilever Specimen Tendon Schedute é é é € € € é éééé. 5. 5

Table 4-7. ReadyMix Concrete Mechanic&®r operti es éééeeeééédeeceecé.
Table 4-8. Bridge Cantilever Speciméia x Ser vi ce Live Load 86ééééeé
Table5-1. Nominal Ultimate Fl exural Capacit9g e€eééé¢

////////////

Table 52.  Ultimate Flexural Capacity Strain Calibratédt ¢ € € € € ¢ ééééé. 2. 9

Vi



Table53. Contr ol Specimen 65 kN Load Case 7Defl ec

Table54. Contr ol Speci men 85 kN Load Case 8Defl ec

,,,,,,,

Table 55.  Control Specimen 55 kN Load Case Deflection Magnitédése é € é é .100

Table56. Rehabilitation Specimen 65 kN Lo&8d Case
Table57. Rehabilitation Specimen 85 kN Lo&d Case
Table58. Rehabilitation Specimen 55 kN Ld@d Case

Table 59. ExistingBridgePar amet ri ¢ Study Fl exuralllCapaci't

Table 510. ExistingBridgePar amet ri ¢ Study Service.D2fl ecti

vii



Figure 1-1.

Figure 2-1.
Figure 2-2.

Figure 2-3.

Figure 2-4.

Figure 2-5.

Figure 2-6.

Figure 2-7.

Figure 2-8.

Figure 2-9.
Figure 3-1.
Figure 3-2.
Figure 3-3.
Figure 3-4.

Figure 3-5.

LIST OF FIGURES

Corroded Transverse Std&bstTensioning (photo taken by Faraj Shahrstan in

NSM FRPPlacement irDeck Soffit Side (Taken from Casadei et 2D06)é ....7
Placement of NSM RodJ aken fromTalksten and Nalin 2007) é ¢ € € . € 8

Prestressing System for NSM CFRP B@raken fromEl-Hacha and Gaafar

"""""""""""""""""

,,,,,,,,,,,,,,,,,,,,,,,,

SchmidtandBennintz Proposed CFRP Anchor (Obtained from Schamdt

,,,,,,,,,,,,,,,,,,,,,,,, s

Bennintz2010)ée e é é é ééeéceeeeéeééééeecceeceé. 14

Al-MayahandSoudkiUpdatedCFRP Anchor (Obtained from Alayahand
Soudki

2013) ¢ é e éeééeéecéécéecéecéeeeéeeéeeéeéeéeeceée. 15
EMPA ProposeFRP Anchor (Obtained frotdeydarinouri et al2020)é . € 1 6
Anchor Contoured Longitudinal Profile (Obtained frédiMayah et al2006).19
Split Wedge and Barrel Anchor Geometric Detéilé é e ¢ é é ¢ éé e . 22
Split Wedge and Barrel Anchor Cross Seciog é ¢ é é é é € €€ éé . 2
ASTM D7205 Tensile TestSpeciméné ¢ é ¢ é ¢ é e éeééeééeé. 52

ASTM D7205 Tensile Test Specimen Cr@&ectione e e € é ééééee. 5. 2

viii



Figure 3-6.
Figure 3-7.
Figure 3-8.

Figure 3-9.

Figure 3-10.

Figure 3-11.

Figure 3-12.
Figure 3-13.
Figure 3-14.
Figure 3-15.
Figure 3-16.
Figure 3-17.
Figure 3-18.
Figure 3-19.

Figure 3-20.

Figure 4-1.
Figure 4-2.
Figure 4-3.
Figure 4-4.
Figure 4-5.

Figure 4-6.

CrossSection of Wooden Alignmerit é é é é é e eéeééééééeée. 6. 2

CFRP Anchorage Test Loading ProtéBcol ¢éé.

Anchorage Components DrawMeasuremenBc hemat i ¢ ééé8d8ééeeéeé. 3

""""""

PreliminaryAnchorageComponentsDravin s € éé é é é é é é é é €3 3

Preliminary Barrel Anchorage Complonent

LoadDi spl acement Curve for Prelimibary An

,,,,,,,,,,,,,,,,

////////////////////

SpecimenT1lDraw ns éééééééééééééeécééeeééeed. ... .3

////////////////////

SpecimenT5Draw ns ééééééééééééééééééééad. é

/////////////

Load Displacement Curve forPBet Anchor s eéeééeeéleééece:

/////

AnchorageLoa®i s pl acement Curve Summar y2 ééééé

rrrrrr

Final Machined CFRP Anchor éeéeéécéeceseéeeéée
Bridge StructureUnder Consideratiomransverse CrosSectioné € € é é ....46

Experi ment al Bridge Cantil ever W,O0Ong Des
St eel Tendon Anchorage System (Maxdi fi ed
Bridge Cantilever Specimen Fabricdati on

Control Specimen Jacking End éeeéeéeeééece



Figure 4-7.
Figure 4-8.

Figure 4-9.

Figure 4-10.
Figure 4-11.
Figure 4-12.

Figure 4-13.

Figure 4-14.
Figure 4-15.
Figure 4-16.
Figure 4-17.
Figure 4-18.
Figure 4-19.
Figure 4-20.
Figure 4-21.
Figure 4-22.
Figure 4-23.
Figure 4-24.
Figure 4-25.
Figure 4-26.

Figure 4-27.

Rehabilitation Specimen Jacking Bbnd éée

CFRP NSM Groove Dati | ééeééeeéeeéeeéeceéecedés

,,,,,,

Control SpecimeiPostTensi oni ng Operati ons

rrrrrr

Bridge Cantilever Specimen Instrudment at
Control Specimen Service Load De70l ected
Control Specimen PoService Load Deflected Shapee € ¢ € € € é é é 71

Control Speci men Top Slab Crackimg Patt

Control Specimen Service Loddle f | ect i on Curve ééa&8ééeecéeceé
Control Specimen Service Steel Tendonl-@&tdr ai n Cur ve é3¥ééée
Control Speci men Ultimate Failure Concr

Control Specimen Ultimate Failure Lo&le f | ect i on Cur veb éééeééc
Rehabilitation Specimen Service Iboad De
Rehabilitation Specimen PoS&er vi ce Load Defl ect &d Shap
Rehabilitation Specimen Top Sl ab 7Cracki

Rehabilitation Specimen ServiceLeBde f | ect i on Curve &ééééeéc
Rehabilitation Specimen Service Steel Tendon E8adr ai n Cur v8 ¢éééeéeé
Rehabilitation Specimen Service CFRP Tendon k8adr ai n Cur ve ¢ééé e .
Rehabilitation Specimen Ultimate80Failur

Rehailitation Specimen Ultimate Failure Lod2le f | ect i on Cu8lve ¢é¢éé



Figure 4-28.
Figure 4-29.
Figure 4-30.

Figure 4-31.

Figure 5-1.

Figure 5-2.
Figure 5-3.
Figure 5-4.
Figure 5-5.
Figure 5-6.
Figure 5-7.
Figure 5-8.

Figure 5-9.

Figure 5-10.
Figure 5-11.
Figure 5-12.
Figure 5-13.
Figure 5-14.
Figure 5-15.

Figure 5-16.

Experimental Specimeier vi ce Load Defl ected 2ZShape ¢

Experimental SpecimelPostSer vi ce Load Defl ecté&d Shap:

,,,,,,

Experimental Specimen Ultimate Lo&de f | ect i on
Bridge Cantilever Specimens Top Slab Side by Sideo t o
StressStrain Relationships for Concrete (Obtained from ISIS Design Manual 3)
eééeéeéeéecécéecéecéeéeeeéeeeéeéeéee. 7. 8

rrrrrr

7 7

Concrete Cantilever Ser vi céeé éleeéf.léebcot i on

Control Specimen 65 kN Load Case 6Curvat
Control Speci men 65 kN Load Case 7Defl ec
Control Specimen 85 kN Load Case 8urvat
Cont o | Speci men 85 kN Load Case D&fl ecti
Control Speci men 55 kN Load Case 9Curvat
Control Speci men 55 kN Load Ca<ded ODefl ec
Control SpecimenModé&de f | ecti on Curves SumiPAry ¢é¢éé
Rehabilitation Specimen 65 kN Lo&d Case
Rehabilitation Specimen 65 kKN Load Case
Rehabilitation Specimen85kNoad Case Curvature 4Di agr al
Rehabilitation Specimen 85 kN Loa&ad Case
Rehabilitation Specimen 55 kN Lo&ad Case

Xi



Figure 5-17.
Figure 5-18.
Figure 5-19.
Figure 5-20.
Figure 5-21.

Figure 5-22.

Figure A.1.
Figure A.2.

Figure A.3.

Figure A.4.
Figure A.5.
Figure E.1.
Figure E.2.
Figure E.3.
Figure E.4.
Figure E.5.
Figure E.6.
Figure E.7.
Figure E.8.

Figure E.9.

Figure E.10.

Rehabilitation Specimen 55 kN Lo&tlas e Def |l ecti on Curves ¢é
Rehabilitation Speci men Model Def8l ecti o
Existing BridgeParametric Study Sectictné ¢ ¢ é é é e é e e e é é 91 0

///////

Existing BridgeParametric Study Rehabilitated Secti

Existing BridgePar ametri ¢ Study CFRP NSMllDet ai | i
Existing BridgePar amet ri ¢ Study ServiceeD&fl ecti
Static Anchorage Test T1 SpecimenDyaswe ¢ é é € é éééééé. .5 12

Static Anchorage Test T2 SpecimenDiam s é éééeééééééeéeb. é. 12
Static Anchorage Test T3 SpecimenDiam s é éé e ééééééeéeéd 12
Static Anchorage Test T4 SpecimenDfiam s é é éééééeéeéééd 12
Static Anchorage Test T5 SpecimenDiam s é é éééééeéeééd 12

rrrrrrrrrr

Control Specimen25kN Lodde f | ect i on Cur ve

rrrrrr

Rehabilitation Specimen 25 kN Lo&le f | ect i on Cur

rrrrrr

Control Specimen 35 kN Loddefi ect i on Curve ééeéed8eééeéeéeé

Rehabilitation Specimen 35 kN Lo&dle f | ect i on Curve ®&8ééeéeéceé
Control Specimen45kN Lodde f | ect i on Curve éééexéeéeéecéc
Rehabilitation Specimen 45 kN Lodle f | ect i on Cur ée . e ddééé
Control Specimen55kN Lodde f | ecti on Curve ééé&@ééEééeécé
Rehabilitation Specimen 55 kN Loddle f | ect i on Cur ve Héééééé
Control Specimen40kN Lodde f | ecti on Curve éé&Eééééecé
Rehabilitation Specimen 40 kN Lo&dle f | ect i on Curve Hééeéééé

Xii



Figure E.11.
Figure E.12.
Figure E.13.
Figure E.14.
Figure E.15.
Figure E.16.
Figure E.17.
Figure E.18.
Figure E.19.
Figure E.20.
Figure E.21.

Figure E.22.

Figure E.23

,,,,,,,,,,

Control Specimen65kN Lodde f | ect i on Cur ve

Rehabilitation Specimen 65 kN Lo&le f | ect i on Curve . ééééé

,,,,,,,,,,

ControlSpecimen 85 kN LoaBbef | ect i on Cur ve

//////

Rehabilitation Specimen 85 kN Lo&le f | ect i on

,,,,,,,,,

Control Specimen 100 kN Loede f | ect i on Cur ve

rrrrrr

Rehabilitation Specimen 100 kN Lo&xe f | ect i on

,,,,,,

Control Specimen 115kN Lodde f | ect i on Cur ve

//////

Rehabilitation Specimen 115kN Lo&de f | ect i on

,,,,,,

Control Specimen 140kN Lodde f | ect i on Cur ve

,,,,,,

Rehabilitation Specimen 140 kN Lo&de f | ect i on

,,,,,,

Rehabilitation Specimen 160 kN Lo&de f | ect i on

///////

Control Specimen Ultimate Lodde f | ect i on Cur ve

rrrrrr

Rehabilitation Specimen Ultimate Lo@le f | ect i on

Xiii



ABSTRACT

In this thesisthe structural rehabilitation afdeteriorated podensioned concrete cantileweing
slabwith posttensioned (PT) carbefibre-reinforced polymer (CFRRpdsis investigated. The

goal of this researchvas twofold: First, to determine the viability and suitability of a proposed
mechanical strengthening system for pesisioning unidirectional pultruded CFRP Rods.
Second, to evahte the performance and feasibility of utilizing ptesisioned CFRP rods with
permanent mechanical anchorage to rehabilidatieteriorated pogensioned concrete bridge
cantilever wing slabTo achieve the first @pl, aproposedmechanical split wedgend barrel
anchor was machined-tmouse for a #3 (10 mm) CFRP rothe anchor features a contoured
longitudinal profile consisting of a 1650 mm circular radius to minimize the stress concentrators
at the loading end of the anchor, pushing the stosgard the back of the anchor. The anchor also
features a competitive 80 mmtliength stainless steel barrel and 80 m#eimgth aluminum wedge
core.The system strictly relies on friction for lodearing capacity with no adhesives required.
Sevenspecima@s in total were carried out for the experimental assessment of the anchorage
system Presetting the anchors was required to eliminate system slippaggore-setting force

of 80 kN, he maximum effective jacking forder the selected CFRP radas detemined to be

50 kN.The CFRP anchor wasilized to strengthenmaexperimentalPT concretdridge cantilever

wing slab specimeniwo halfscale bridgecantileverwing slabspecimendased on an existing
in-servicebridgein the Province of Nova Scotia were fabricased cast. One specimen served as
the steel contratmulating nominal existing conditions. The second specimen served as the CFRP
rehabilitation emulating simulated damamed subsequent PT CFRP rehabilitatidhe CFRP

rods for rehabilitation werembedded in neaurfacemounted (NSM) grooves in the negative
moment region of the experimental PT concrete bridge cantilever wing spediheetbridge
cantilever specimens wetested, and both had flexural conererushing failure modes.h&
proposedCFRP rehabilitatiomvas able to restore theststructural capacitgndreducedieflection
underservice. An analytical model was createdrder to predict the ultimate flexural capacity of

the PT bridgeantileverwing slabs and thexperiencedleflectionatsimulated service conditions

The model accuratelyredicted thdlexural capacity of thdridge cantilever specimen aslightly

overpredictedhe servicedeflection.
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CHAPTER 1 INTRODUCTION

1.1 Motivation

Canada i s experiencing a crisis trying to deal

almost 40% of public roads and bridges in Canaeee reported to be in worse condition and in
need of repair or replacement (Canadian Infrastructure Repor2CGa8).Most of Canada is in a

frigid climate region where public infrastructure is constantly exposed to harsh ambient
environments which incle constant freeze and thaw cyclesjaileg salts and chemicals, and
exposure to marine air. Additionally, mechanical snowplow damage has put a toll on public
infrastructure. These harsh environments have facilitated a haven for corrosion to damage the
structural capacity of the steel reinforcement within condoeidges. Figure -IL exemplifiesthe

effect of corrosion on pogénsioned steel tendons in a ptestsioned concrete bridge deck.

Figure 1-1. Corroded Transverse Steel Rdsinsioning (photo taken by Faraj Shahrstan in 2020)

Corrosion is a natural phenomenon that induces the gradual destruatietatrinaterias due to
chemical reactions from the environment.-iD@g salts, chemicals, water, and moisture have
penetrated through the cracks of concrete bridge decks over the years. The steslctimss
degrades, theby leading to concrete spalling and thminishingof the structural capacityf the
member Corrosion has drastically cost public transportation departments in North America



billions of dollars as public infrastructure endures severe environments throughout its service life.
In several case studieDepartments of Transportation (DOT) have found compromised
posttensioningsteel in bridgeslabs where a coseffective rehabilitation and strengthening
strategy is required to fulfill the service life of the bridge struc{N@HRP2021) The increase

in truck sizes and vehicle traffic, the restrictive budgets, the deferred maintenance plans, and the
consistent exposure to harsh ambient environments have drastically put a heavy toll on aging
infrastructure perpetuating the deterioration of existing wahbridges.In the United States,

repair and maintenance issues related to-feostioned bridges have gained attention in light of
instances of serious tendon degradation in structures built before 2000 (NZR2RP Aging
infrastructure is in a dire @ and needs an econscious viable solution. Bridges in service
require corrective maintenance to prolong service life as replacement of existing bridges warrants
high capital costs that are presently unavailable and are a burden to taxpayers. Mudreover,
closure of existing highway bridges for replacement is logistically challenging as it results in
massive detours and prolonged public frustration. A breakthrough in the structural rehabilitation
of concrete bridges is the utilization of fiber reinfarqgelymer (FRP) composites to strengthen
deteriorated concrete bridges. Although FRP composites have become a common reinforcement
in the construction industry, an emerging method is the utilization of prestressed FRPs as a
corrective maintenance solutida restore structural capacity and strengthen concrete bridges.
There is a huge demand for increased research in the field of prestressed FRPs. The main concern
with prestressing CFRPs specifically is the efficiency of a suitable anchorage system that is
required to grip and hold the rod and the capability to transfer the required jacking force
(precompression) into the concrete. Several researchers have experimented with bonded and
mechanical anchorage systems since the 1990s to grip CFRP rods anblusttgpghe author's
knowledge, there are no commercial CFRP anchorage systems nor standardized acceptance criteria
for such systems. A particular pgensioned concreteridge structuren the Province of Nova

Scotia with deteriorated transverse steel pessioning within its cantilevering slabserves as

the basis for this experimental researéhe main issuet hand is finding a cosgffective
rehabilitation strategy to maintaingiservice life of postensioned concrete bridge structuttest

have experienced deterioration to their gesisioning steel



1.2. Research Objectives
The objectives of this research are as follows:

1 To determine the viability and suitability of a proposed mechastcahgtheningystem
for posttensioning unidirectionglultrudedCFRProds.

1 To evaluate the performance arieasibility of utilizing posttensioned CFRP rods
nearsurfacemountedwith pemanent mechanical anchorage to rehabilitate deteriorated
posttensioned concreteridgecantileverwing slas.

1 Conductan analyticaktudyto predict the ultimate flexural capacity and service deflection
for deteriorateccantilever sectionsf an existingbridgethat uilize the proposedCFRP

rehabilitationsystem.
1.3. Research Scope

To achieve theoutlined objectivesthe first stage of the research project vgatecting ad
developing alesignfor the proposed mechanical strengthening system that would be ufiticed
PT unidirectional pultruded CFRP rods. #plit wedge and barreinechanical anchowas
developed and athined inhouse. Preliminary anchorage testinggas conducted on the
mechanicalanchor to determine the design concept viability and suitabfityr preliminary
anchorageesting and determining the promising nature tbeé anchor the next step was to
determine how to implement the system ini®laconcrete structure. The anchgedesign had to
bealteredfor threading of the barrels waseded to transfer the pashsioningorce to a concrete
structure. There wera few other adjustmentsiade to the anchoAfter a final design was
completed, sitic anchoragetesting was conducted. The static anchorage tests provided
maximum safe effective pestnsioning force that couldebapplied to a concrete structuiide
second stage of the research project was utiliivegproposed developedFRP mechanical
anchor in a posttensioned concrete bridge cantilever wing slab system. Twosotalké
posttensionedconcrete bridgeantileverwing specimensvere fabricatedand casbased o an
existing inservice bridgen the Province of Nova Scoti®ne specimeservedasthe control and
the otherspecimen undertoothe proposed PT CFRP mechanical strengthening after enduring
simulated damage. Thspecimenswere tested,and their performancevas evaluated.The

feasibility of the CFRP anchor fothe rehabilitation of PT bridge concretestructureswas



documented. An analyticatudywasconductedo predict the ultimate flexural capacity and the
service deflectiomf a unit cantilever wing slab cut out of the existing@rvice bridge structure.

The analytical model was verified with the experimental data obtained in the laboratory.
1.4. Thesis Layout

The generadlayoutof this thesis consists ah introduction trestressed/pos¢énsionedCFRP,a
literature review intdhe utilization of FRPs fatherehabilitation of concrete bridge structures, an
in-depth explanation of the comprehensive-stageexperimental program that was conducted,
discussion of the results obtained caerview of the analyticaltudyconducte, andending with

the conclusionsand recommendation3he literature review irChapter 2 presents applicable
literature in the pastvo decades on the utilization of FRPs floerehabilitation of concrete bridge
structures. The reviewresentgpast research conducted on prestressed FRP materials and the
implementation of FRPs utilizing the nemarrfacemounted method within concrete bridge
structures. Additionally, the review disgses past research advances on the development of
anchorage systems for CFRP rods and finally research gaps in this scope of research. Chapter 3
presents the CFRP anchorage experimental program that was conducted. Thipcagpitthe

details of the design and material selection of the anchor. Additionally, all detailshe
preliminary anchorage proof of concept testing, static anchorage testing, and the final anchorage
design are presented. The details in the chapter include the test matrigesesearication, test

results and discussion. Chapter 4 presents thdepth bridge cantilever experimental program

that was conducted. The chapter discusses the materials selected, the system design, the test
matrices, specimen fabrication, specimerstpensioning, specimen instrumentation and test
setup, loading protocol, and finestresults and discussion. Chapter 5 presents the analytical
model that was created to predict the ultimate flexural capacity of the bridge cantilever specimens
and the ervice deflection. Model verification with the experimental data is presented and a
parametric study applying the model to a 4i@alin-service PT concrete bridge cantilever wing

slab is presente@hapter 6 presents the conclusionghis research pregtand recommendatien

for future research.



CHAPTER 2 LITERATURE REVIEW

Posttensioned concrete is a very common approach where concrete bridge deck spans and panels
are postensioned ossite after the concrete has cured. Historically, fstgength steel has been
utilized for prestressing applications for concrete bridges, but more recently prestressing FRP
material is growing widelyThere are mangtructural benefito prestressing reinforcemamhich
is as follows (modified from EHacha et al 2001):
1 Improve Serviceability
Reduce dead load deflections
Reduce crack widths and deltdne onset of cracking
Relieve internal steel reinforcement strains
Induce compressive stress capable of resisting fatigue failure
Increaseheyielding capacity of internal steel reinforcement
Increase material efficacy of concrete and FRP

Increase live load capacity

= =2 =4 A A4 A A -2

Improve fatigue strength by reducing tensile steel stress

Moreover there are many economic benefiitsising prestressing reinf@ment during the overall

service life of a concrete bridge. Even though the initial capital cost of prestressing is higher than
conventional mild reinforcement, the abawentioned structural benefits offset the initial capital
costs throughout the servitige of the bridge. Due to the economic and structural benefits of
prestressing, the prestressing approach has become popular for implementation with FRP
materials. Material for prestressing reinforcement can come in different geometries including
wires,strands, and bars. Unlike conventional steel reinforcement, there are no standardized shapes,
surface configurations, fibre orientation, constituent materials, and proportions for final FRP
products (ACI 440.2011). Thus, there is a huge demand for ireedaesearch in the field of
prestressed FRPs. Due to the significant economic and structural benefits associated with
prestressing reinforcement and the ongoing research with FRP materials, there is huge promise in
prestressing FRP materials mitigating tbtructural capacity issues that face concrete bridges.
Carbon fibres offer the highest tensile strength and highest stiffness. Carbon FRP is typically used
for prestressed applications fidly utilize the efficacy of the material. Moreover, literature has

focused on CFRP strands, bars, and strips for prestressing. Although CFRP can be implemented



in nonprestressed applications, the expensive price tag of CFRP underlines prestressing to fully
utilize the capacity of the material. CFRP is readily available commercially for new construction
and rehabilitation of concrete bridge girders, decks, and piéis.paper will focus on the
application ofposttensionedCFRProdsasCFRP tendonsCFRP rodsare krown for their high
strengthto-weight ratio, norcorrosiveness, high durabilitgnd high stiffness offering better

ultimate limit state and serviceability conditions for bridge infrastructure.
2.1. FRP Rehabilitation of Concrete BridgeElements

Fiber-reinforced polymers are higdtrength, lightweight, noncorrosive, nonconducting, and
nonmagnetic materigthat have revolutionized new bridge construction and bridge rehabilitation
(ACI 440.42011). In new bridge construction, FRP materials have b&kred as the main

flexural reinforcement for bridge deck&dditionally, FRP materials, specifically CFR&nhdons

were deployedas a prestressing material asubstitute for steel tendons with an initiative to
erhancethe durability and lifespan of newlconstructed bridges (Grace et2022).For bridge
rehabilitation, FRP materials have been utilized to retrofit and strengthen existing damaged or
deteriorated concrete bridge decks, girders, and. @ersent literaturgpresentgoodpromise for

FRPs in prestressing applications since by prestressing the FRP reinforcement, the stress in the
internal steel reinforcement steel and deflections will decrease; as well as there will be higher
utilization of the FRP materials (fachaand Soudki 2013). Prestressed FRP is the same
lightweight, noncorrosive materialthatare used in noprestressed applications but by applying

a prestress to the FRP, the material may be used more efficiently since a greater portion of its
tensile capacity isengaged (EHacha et al 2001). This paperwill focus more on the
nearsurfacemountedapplicationof FRPs for concrete bridge structure rehabilitatid8M is a
technique to retrofit/rehabilitate bridge elements by inserting FRP materigirmtat grooves

that are saveut in the strengthened concrete member. The depth of the grooves is limited to the
depth of the concrete cover unless a concrete overlay is to be cast to increase the cover, but the
high cost associated with such a procedigkly it unlikely. The width and spacing of th@gves

are dependent on the amount of strengthening required for the concrete bridge element. FRP bars,
strips, and/or rods are placedgrooves,and they are protected by the concrete cover being less
expcsed to accidental impact, mechanical damage, fire, and vandalism (L@medZsng 2007).

The NSM method relies on either an epdrased or a cemebiased adhesive or grout to transfer



tensile forces from the reinforcement to the parent concrete mentdreingdisand Teng2007).
Epoxy resins have been found to deliaenuch stronger FRIEoncrete bond but atmuch higher

cost than cement groutBhe NSM method can be applied for both 1prastressed and prestressed
applications but to increase the efficafythe material, a prestressed technique is recommended.
Surface preparation is critical yet laborious for raaface mounted applications. The grooves
need to be sawut as indicated where extreme caution is needed to not interfere witiettmal

steel reinforcement of the concrete membertdulee limitation of the groove depth. The grooves
are halffilled with adhesiveandFRP material is placed in the shape of strips or bars followed by
final epoxy leveled off at the surface to faaite the transfer of tensile forces from the FRP to the
concreteFigure 21 presents typical NSM FRP application method where CFRP rods are placed
in grooveswithin the tensile soffit of a bridge deck

Injecting Epoxy Paste into
the Groove Prior to

Inserting the FRP Bar

Figure 2-1. NSM FRPPlacement irDeck Soffit Side (Taken from Casadei et aD06)

The most typical failure mode associated with NSM FRP strengthening is the splitting of the
concrete cover as failure progresses, but to mitigate this, the prestressed FRP needs to be anchored.

However, unlike onventional steel, there are no commercial anchorage systems for CFRP



prestressedendons,and the influence of different anchorage configurations remains unknown
(Kim et al 2014). Research remains ongoing for the utilization of NSM CFRP for strengthening
Nearsurfacemounted FRPs are used as reinforcement to provide enhanced ultimate and
serviceability capacities. A promising NSM application is the utilization of NSM CFRP in a
posttensioning situation to strengthen reinforced concrete beams. Anragpéal program was
conducted by Taljsten and Nlim 2007where they retrofitted reinforced concretdodams with
posttensioned NSM CFRP rods whoperformance was compared with that of other beams
strengthened with conventional, externally unbonded steel stiEimelfbeam with podensioned

CFRP showed 100% and 182% increases in yield and ultimate ftegpsctively compared with

an unstrengtheed control beamFigure 22 presentghe placement of the NSM rods within the

T-beamsaused by Taljsten and Nain in their experimental program.

r l

Figure 2-2. Placement of NSM Rodd aken fromTaljsten and Naiin 2007)

In 2011, ElHacha and Gaafar conducted studies on the-daaging capacity and strain
development of reinforced concrete beams strengthened withepsstned NSM CFRP. The
level of posttensioning applied varied from 0% to 60% of the CFRP strengthstéhgthened
beams exhibited an increase the flexural load of approximately 75% relative to an
un-strengthened control beam, but the failure mode was bifitley presentedhe following

prestressing system for NSM CFRP bars as showigure 23.



Fixed bracket
Load cell

Steel anchor
at jacking end

Hydraulic jack
Threaded steel bar
| ocking nut

Movakle bracket

Figure 2-3. Prestressing System for NSM CFRP B@raken fromEl-Hacha and Gaaf@011)

In 2014, Kim et al proposed a now patented anchorage configuration methodology for
posttensioned NSM CFRP upgrading of constructed bridge giréfégsire 24 presentsheir
patented Ratent Numbers: 10083626, 180653632, 161005347) application technique:

Anchor bell

Groove and
anchorage

Figure 2-4. PostTensioned NSM CFRP Application Method (Taken from Yail Kim eR@l6)

The technique as portrayedhigure 2-4 begins by first saw cutting grooves in the tension soffit

side of the beam followed by the installation of the temporary anchorage system. Next, jacks are
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placed and secured in place to p@stsion the FRP material in the groove. The prestressing force
is transferred and then slowly released to allow for the removal of the jacks. Finally, the groove is
grouted and leveled flush with the parent concrete member. The NSM strengthening technique has
been conducted greatly for strengthening reinforced conegt@s, but more research is needed

for NSM strengthening experimentation with other concrete bridge elements including bridge
decks and piers.

An experimental campaign in the state of Missouri was conductedtigtmain purpose of
proving that the prestsssed NSM CFRP upgrade technique could allow not only restoring the
original ultimate flexural capacity of the respective damaged girder but also the service
performance of the prestressed concrete girder. A pilot research project proceeded withgecreatin
two full-scale size girders that were damaged. The replicated girders were based on
in-service bridges, the first from bridge A10062, St. Louis County, Missand bridge A5657

South of Dixon, Missouri that & both damaged due to impact from oweight vehicles.

Figure 25 presentghe lab setup of the pilot research project:

Figure 2-5. Pilot Research Project Full Scale Bridge Girder Lab Setup (Taken from Casadei et
al. 2006)
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Both girdershad similar profiles being 1Im span prestressed concretgifders withtwelve
straight profile lowrelaxation steel tendons as flexural reinforcement. The experimental study
includeda girderthatwas strengthened with prestressed NSM CFRIR. prestress NSM CFRP
application included CFRP barstwith no permanent anchoradgoxy adhesives were utilized.

To simulate equivalent damage on both bridge girders after the concrete was cast, the team saw
cut and chiseled out concrete at the midspan of each girder exposisigel prestressed tendons.
Two prestressed steel tendons wene on both girders and rapg®t mortar was used to fill in
place of thechiseledout concrete.Each girder was then loaded until failuréhe girder
strengthened using prestressed NSM CFRP bars failed dine gplitting of the concrete cover
which resited in a debonding failure followed by the progressive failure of the systewever,

the NSM CFRP strengthening method was ableestorethe ultimate capacity of the original
girder based on the simulated damage and failed in a ductile m&imes;,. NSM CFRP for
rehabilitation is a very promisingehabilitation schemePrevious studies have primarily been
focused on reinforced concrete beams and decks in their positive bending moment wetjions,
limited research on concrete slabs for whelarsurfacemounted rehabilitation is applied the
negativebending moment area, such as bridge elarhanggLeeandCheng 2011)Therefore,

this researciproject attempts to contribute to the research gap in this field with the utilization of

PT CFRP rods in the negative bending moment region of bridge cantilever wing slabs.

2.2. CFRP Anchorage Systems

Steel is isotropic and offers great ductility due to its great-yiekling plastic hardening
properties. The major concern with steel that has led to investment in FRP materials is the issues
regarding fatigue relaxation and corrosion. CFRP material @itarnative to supplement steel,

but it has its Achilles Heel. Due to CFRP material's orthotropic properties, reduced ductility, and
reduced ability to withstand sharp stress concentrators, conventional mechanical anchors used for
posttensioning steelteand applications are not suitable. A modification to existing mechanical
anchorages is required to better suit CFRP. CFRP is weak in the transverse direction and cannot
handle orthogonal compression as greatly as isotropic steel strands. However, avbesrdh
concerns related to the lowgrm durability of prestressed steel in terms of corrosion, fatigue, and
relaxation, CFRP materials are a good candidaf&P is known for its high strengtb-weight

ratio, noncorrosiveness, high durability, and high stiffness offering improved ultimate limit state
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and serviceability conditions for bridge infrastructusalike conventional steel strands and bars,

to thea u t h est Ihewledige, there are noalable commercial anchorage systems for CFRP
rods. Various researchers have experimented with bonded versus mechanical anchorage systems
for CFRP materials. However, a mechanical strengthening system is more suitable for heavy civil
infrastructure projest The main concern with mechanical anchorage systems is how to adequately
grip the CFRP rod without premature failure. Various experiments have been conducted in the past
two decades with differential angles, contoured longitudinal profiles, and diffgemrhetry
configurations for an optimum mechanical anchorage sySteencontact pressure distribution on

the rod surface plays a significant role in controlling the level of tensile loading that can be carried
by the CFRP anchorage system. High contaesgure on the rod surface combined with high
applied tensile stress induces premature failure due to the stress concentration at the loading end
of the anchor. On the other hand, low contact pressure on the rod surface causes it to slip as the
tensile loadncreases. Thus, a balance between contact pressure and tensile load capacity would
provide for the ideal anchorage system. Optimum contact pressure is needed for a suitable anchor
design to ensure no slippage as required by design codes. The contaateptas be controlled

by the profile geometry and the mechanical properties of the anchor components that are in direct
contact with the CFRP rod. The competitiveness of a GiiRRorage system would be to achieve

a minimal anchor barrel and wedge lengdtiat is adequate to compete with conventional
mechanical systems that grip steel stralds2006 Al-Mayah and Soudkfound that the
performance of the anchor was dependent upon the contact pressure distribution on the rod
especially at the entrance dfet anchor where the tensile load was highorder to reduce the
contact pressure at this loading end of the tloely proposeda design of a novel wedge anchor
system in which the contact pressure is distributed in a manner that reduces the stress
concentrationThe concept is based on smoothly changing the geometric configuration of the
barrelwedge interface.Since the pressure is high at the loading end of the rod, stress
concentrations may become particularly damaging because of the highiststesss at the same
end.ldeally, the lowest contact pressures should be imposed at the loading end with the highest
pressures at the free end where little or no tensile stresses are induced inTheyagtroduced

the concept of a longitudinal cular profile tobalanceherequired contact pressure and the high

tensile stress occurring in the same locatidheir design consisted of arlay steel barrel
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(AISI 4140) dloy steel split wedges (AISI 414Q)a @ppersleeve and a longitudinal circar

profile. Figure 26 presentgheir novel mechanical CFRP anchor.
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Figure 2-6. Al-MayahandSoudkiProposed CFRP Anchor (Obtained frc
Al-MayahandSoudki 2006)

The tensile strength of th&l-Mayah and Soudkanchorage system exceeded the guaranteed
strength of the CFRP rodSchmidt and Bennint2010 proposed a mechanical anchor for CFRP
rodsbut instead of using split wedges and a longitudinal circular profile, they hiadegnated

wedge system and a constant ldendjnal differential angle. Their intention like Alayah wago

create higher radial stresses at the back of the anchoragagikutbnal differential angle of

0.4 deg in the barrel/wedge interface was used to solve the issue of high principal stresses in the
anchor age 6 gheit meahdrecdl anehordconsisted of an alloy steel barrel, -piece
aluminum wedge, an intedeal aluminum sleeve and a constant differential angl&heir

mechanical anchor is portrayedrigure 27.
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Integrated sleeve wall
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Wedge with integrated
sleeve
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36

Figure 2-7. Schmidt & Bennintz Proposed CFRP Anchor (Obtal

from SchmidtandBennintz 2010)

Schmidt andennintzutilizedan8 mm CFRP rod for their anchor aafier various experimental

testing wereble to overcome the anchorage effsatiobserved a failure withib h e

CFRP

free gauge length which is ide#h 2013, AFMayah and Soudkievisitedtheir proposed CFRP

anchor developed in 2006 and improved offliteir new anchor was comprised of an alloy steel

barrel, soft hardness steel split wedges, no sleeve, and a longitudinal circular phefylerote

that dthough softer wedges have the poterttiateplace the sleeve and protect the rod, they may
reduce the contact pressure resulting in less gdditionally, the harder wedges undergo limited

deformation resulting in reduced movementaverage, causing significant slippage of the rod at

a load level well below that corresponding to its ultimate tensile strehigiis, asofter wedge is

related to its greater deformability thereby allowing it to conform to the rod profilenandhize

the effect of thestress concentraticat the loading end of thenchorin contrastwith the harder

wedgesThe maingoalremained thatteess concentratioret the loading end of the anchoust

be avoided in the design of the anchor systems due to tbepsibdity of the CFRP rod to stress

concentrationgrigure 28 presentsheir new updated CFRP anchor.
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Barrel

Figure 2-8. Al-Mayah & SoudkilUpdatedCFRP Anchor
(Obtained from AlMayahandSoudki 2@.3)

More recently, researctefrom Switzerlandat the EMPA laboratoy proposed an anchorage
design that was a combination ofthe previously menticgd anchorage designs
(Heydarinouri et al 2021) They found that split wedges were more advantageous than a
onepiece wedge as they olged CFRP interlaminar shear failure when not using split wedges.
They concurred with AMayah and Soudk2006that soft wedges were needed to conform to the
profile of the CFRP rather than using higardness alloy steel wedges that could be rougher in
grip and cause premature failude. their study, they developed a wedggarel anchor with a
curved profile. The wedges were made of aluminum and were in direct contact with the CFRP rod,
without the need for a sleeve. The use of aluminum wedges reduced|tived presetting force
because aluminum has a lower stiffness than steel, resulting in an easier insertion into the barrel.
They claim that aluminum plasticization that occurs due to the high contact pressure inside the
barrel can improve the grippirgf the CFRP rod. They were the omBsearchero mention if

they threaded their barreThey threaded their barrel at thed end for presetting the anchors.

Figure 29 presentsheir developed CFRP mechanical anchor.
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Figure 2-9. EMPA ProposeFRP Anchor (Obtained fron
Heydarinouri et al, 2021

The EMPA researchgutilizedan 8mm unidirectional CFRP rod and conducted static and fatigue
anchorage testingrhey report the CFRP rod failed within its free galeygth,which is ideal,

i.e., they were able to overcome the anchorage effectp@posed mechanical anchor for our
study would be a combination and adaptation from all the anphesented above in this literature

review.

2.3. Research Gaps
Currently, in the literature there are manyesearchgaps when it comes tihe utilization of
posttensioned CFRP rods for NSihabilitationof concretebridge elements which are detailed
below:
1 Implementation of podiensioned CFRP rods is still very novel and stdtthe-art even
with two decades of ongoing research
1 There are no commercially available anchorage systems for CFRP rods or saips or
FRP material
There are no standardized acceptance criteria for FRP anchorage systems
Limited research is available on fatigue performaacd the corresponding acceptance

criteria ofmechanicahnchorage systems for FRP material
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1 There islimited guidance for the utilization of CFRP or any other FRP material
nearsurfacemounted in a concrete structure

1 Most CFRP or FRP rehabilitation has mostly occurred on simple rectangular beams or
slabs

1 Most NSM rehabilitation research hlagused on reinforced concrete beams and decks in
their positive bending moment regions

1 There is limited NSM groove detailing requirementwithin design codes and
specifications

1 There is limitedin-situ data a in-sevice concrete elements that havadegone a
posttensioned FRP rehabilitation strategy

1 There is limited data on the loftgrm creep effeadf CFRP or FRP materiala general

that have been us&dthin the public infrastructure

The abovdist is only a small synopsief the literature research gap within this fieliir research

project attempt$o reduce the research gapd contribute téhis research field
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CHAPTER 3 CFRP ANCHORAGE EXPERIMENTAL PROGRAM

A proposedCFRP mechanical anchorage system was developed, computer numerical control
(CNC) machined, and assessed experimentallgvaluate its suitability and efficacy for the
rehabilitation of posttensioned concrete bridge cantilever wing slabs exhibiting detedorate
transverse steel pestnsioning. The developed CFRP mechanical anchorage system in this
researclprojectis a combination/adaptation from a combination of previous researchers including
Al-Mayah et al(2006), Schmidt et a{2010, 2011), and Heydarinoet al (2021).The anchorage
system is tailored to anchor and gapultrudedNo.3 (10 mm) unidirectional CFRP rddbm
Aslan'GeotreeStageoneof theexperimental program consstof firstly, conducting tensile tests

on the selected®3 (10 mm) CFRP rod as per the ASTM D7Z05standard to verify the material
properties of the CFRP rod. Secondly, conducting preliminary proof of concept testing to verify
the proposed anchoragiesgn concept irhouse. Lastly, conducting static anchorage testing on
the anchors per a specified leaohtrolled loading protocolas obtainedfrom Rostasy (1998)

The main objectiveof the proposed anchorage systsno grip and jack the CFRP rod up to a
specified postensioning force with no slippage safely and effectivehespecifiedPT forcewill
subsequentlpetransferred through a steel bearing ptatthePT concrete bridge cantilevering
slabfor rehabilitation. The PT CFRP raiilized forrehabilitationis near surfacenountedon the
concrete tensile top slatith permanent mechanical anchoragiéhe endsThe following sections

in this chaptepresent the details regarding the development and assessment of the proposed CFRP
mechanical anchorage systerihe presentation of the performance and behaviora of
posttensioned concretieridge cantilever specimen thanderwentrehabilitationwith the NSM
posttensioned CFRP rods using the proposed mechanical anchorage wilsterdiscussed in
Chapter 4of this document

3.1  Anchorage Design and Materials

Thedevelopednechanical anchorage system is based on existing mechanical anchorage systems
used for conventionalsteel strand pogensioning systems. The conventiorsibel strand
anchorage design is modified aadiaptedo be suitable foCFRP rodsFor this researciproject
thedevelopedCFRP anchor is comprised o€anicalbarrel and split wedge systentorporating

a contoured longitudinal profi@CLP). The outer surface profile of the split wedges and the inner

surface profile of theonicalbarrelis CNC machined with the same sd&xtlongitudinal circular
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radius of 1650 mm. The wedges are in direct contact with the CFRP rod and grip the rod relying
purely on frictional resistance for lodbaring capacity. The wedges are housed inside a conical
barrel that transfers the PT forcethe tobe-strengthened concrete structure via a steel bearing
plate.To reduce stress concrentrations at the loading end, the tangent to the interface between the
wedge and barrel must be small (hyah et al. 2006). However, the angle should increase
smoothly along the length of the anchor to reach its highest value at the fr@dentlization

of a contoured longitudinal profile within the anch@acilitates the reduction obtress
concentrators at the Idad end of the anchor. The contoured longitudinal profile provides a
distribution of the differential angles along the anchor, thus facilitating a balance beheeen
required contact pressure and the imparted high applied tensile stress conceRigutiers-1
depictsthe contoured longitudinal profitesign concepttilized in the proposed CFRP anchorage

system.

LP

Figure 3-1. Anchor Contoured Longitudinal Profile (Obtained fromMayah et al2006)

The equations that dedugithe aboverofile are as follows:

0w Y

(3-1)
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Where x, and y are the Cartesiaorcinatesp i s t he angl e ofandRieBthe t ange
radius of the circular longitudinal profile.

The CFRPAmaterial chosen for this research study is a unidirectional pultiol@d10 mm) CFRP

Rod. Table3-1 presentshe material properties of tiselectedCFRP rod

Table 3-1. CFRP Rod Material Properties

Nominal Cross Section Ultimate Modulus of
Diameter Area Strength Elasticity
(mm) (mm2) (Mpa) (Gpa)
10 71.26 2172 124

Material selection for the anchorage components was based on the criteria of utilizing
costeffective, locally sourced, commercially available corrosesistant matéals. Table3-2

presentshe selected materials for the barrel and wedge components of the anchorage system.

Table 3-2. Anchorage Constituent Materials

Anchorage Component Material
Barrel Stainless Steel 316
Wedges Aluminum 6061

Stainless Steel 316 was selected as the constituent material for the barrel for its exceptionally high
resistance in chloride environments and overall corresasistant propertieStainless316 is the

most corrosiofresistant grade of stainless steainoaercially available locally. Aluminum 6061

was selected as the constituent material for the split wedges for ito&iywcorrosion resistance,

andgoodformability as a soft metal. The phenomenon of the plasticization of aluminum as the
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contact pressure increases results in the aluminum wedges conforming to the shape of the CFRP
rod which increases the grip and friction between the wedges and rod resulting in a higher
anchorage system tensile loesapacity.Table3-3 presentgthe materiaproperties of the selected

anchorage components.

Table 3-3. Anchorage Material Properties

Material Tensile Strength Modulus of Elasticity
(Mpa) (Gpa)
316 Stainless Steel 515 193
Barrel
6061Aluminum Wedges 310 68

There is anecessityfor CFRP mechanical anchorage systems tasmempactaspossible to be
competitive with existing steel strand péshsioning anchorage systemsminimal as possible
length for both te conicalbarrel andhewedgecorewasselected fothe developed ahor similar

to the anchorage system developed by Heydarinouri et. &R021).
Figure3-2 presentshe geometric details of the developed split wedge and barrel CFRP anchorage

system.
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#3 CFRP Rod

/— 6061 Aluminum Wedges

316 Stainless Steel Barrel

80 mm

80 mm
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45 mm

Figure 3-2. Split Wedge and Barrel Anchor Geometric Det

Figure 3-3 presentghe crosssection of the developed split wedge and barrel CFRP anchorage

system.
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Figure 3-3. Split Wedge and Barrel Anchor Cross Section

3.2 ASTM D7205 FRP Tensile Tests

The tensile strength of the CFRP specimens was verifietblmwing the ASTM D720821

standard. This test method determines the egtasic longitudinal tensile strength and elongation
properties of fibereinforced polymer matrix (FRP) composite bars commonly used as tensile
elements in reinforced, prestressedposttensioned concrete. This test method was chosen as an
internationally recognized testing strategy to verify the material properties of the sourced CFRP
rodandtocross heck with the manuAdditonaly;tlereSutobtaegquor t e d
from the tensile tests wouli@dcilitate more refinednput parameterto be usedor the analytical

study presented i@hapter Sof this document
3.2.1 Test Matrix and Fabrication

The number of prepared specimens, specimen length, and CFRP freeegagtigébetween the
ends of the anchors were in adherence to the ASTM DZ20&andard requirementhese
requirementsare similar in natureto the FRP tensile test method specified in tA8A S806

standardin total,five specimensverepreparedTable3-4 presentthe observed test matrix.
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Table 3-4. ASTM D7205 Tensile Test Matrix

Specimen ID Material Anchor Type Specimen Length

(m)

S1 #3 CFRP Rod Epoxy Potted 1.8
Steel Pipe

S2 #3 CFRP Rod Epoxy Potted 1.8
Steel Pipe

S3 #3 CFRP Rod Epoxy Potted 1.8
Steel Pipe

S4 #3 CFRP Rod Epoxy Potted 1.8
Steel Pipe

S5 #3 CFRP Rod Epoxy Potted 1.80
Steel Pipe

To observethe ultimate strength of the CFRP ratherethe CFRP rod ruptures within its free
gauge length, potted anchors were utilizethagripping mechanism. Direct gripping of the CFRP
rods by the jaws of the testing machine would result in premature failure. The anchors were
comprised of (3R&MbarbAstkel dchedule 80 pipes and amoinse developed
epoxy resin with silica sand filler matrix as the potting material. Each specimen8vasin total

length. Each anchor w&0 mm in length. The free gauge length of the CFRP rod in betiwveen
steel pipe anchors was 650 mm. Two-860n strain gauges were attached at the midpoint of the
CFRP r od 0 sengdth FBgers-¢ arasentsm sdhematic of the fabricated ASTM specimens

for tensile strength testing.
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/32 mm Carbon Steel Schedule 80 Pipe

La=
550 mm /Anchor Filing Material

/#3 CFRP Rod

/350 Q Strain Gauge

1.8m L=650mm

La =550 mm

Figure 3-4. ASTM D7205 Tensile Test Specimen

Figure3-5 presentshe crosssection of the steel pipe anchors inclusive of the steel pipe, the potting

material, and the concentric CFRP rod.

poxy Matrix
ith #2 Silica Sand Filler

0.D=10
mm

Outer Pipe Diameter
0.D=40mm

Figure 3-5. ASTM D7205 Tensile Test Specimen Cr&sction
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A wooden jig from19 mmplywood was built to align the fabricated specimens. Alignment of the
CFRP rod within the potted anchorseissentiato facilitate a pure tensile test with no induced

bending. Figur&-6 presentghe aligning jig built for the ASTM tensile tests.

19 mm Plywood Frame

32 mm Carbon Steel Schedule 80 Pipe

#3 CFRP Rod

. T

> Plywood Backwall
Drilled Attachment

Figure 3-6. Jig for Aligning ASTM Specimens and Anch

Figure3-7 presentsa crosssectional view of the built alignment wooden jig showcasindal

steel pipe anchors.

506 mm

Figure 3-7. CrossSection of Wooden Alignment
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3.2.2 Test Results and Discussion

The 5 specimens were monotonically loaded using a displacemetnblled loading scheme of

2.5 mm/min until ultimate rupturdable3-5 presentshe results of the ASTM tensile tests.

Table 3-5. ASTM D7205 Tensile Test Results

Specimen ID Ultimate Load Ultimate Strength Elastic Modulus
(kN) (MPa) (GPa)
S1 193 2708 135
S2 193 2708 137
S3 191 2680 135
S4 175 2455 132
S5 163 2287 130

The failure mode of all five specimens wiae rupture of the CFRP rod within the free gauge
length.The obtained results verify that the CFRP
load of 154 kN the ultimate strength of 2172 MPand the elastt modulus of 124 GPa
respectively It was difficult to pin point the reason for the variance as all the selected rods were
from the same pultrusion batch. However, nate there was a significant variance inthe

manufactureiappliedsand/epoxyurfacebarcoating
3.3 Preliminary Anchorage Proof of Concept Tests

Preliminary proof of concept testing was conducted on the anchors to verify the proposed design
concept of theselectedcontoured longitudinal profile, the geometric details portrayed

Figure 3-2, and the selected materials for the respective compouiethts anchorage system.
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3.3.1 Test Matrix and Fabrication
Themain objective®f the preliminaryanchorageroof of concept testsereas follows:

1 Verify the selected contoured longitudinal profile design concept
Verify the suitability of theanchorage materil
Observe the behaviour and performance of each of the anchorage compmaenta

load-controlledstepwiseesting protocol

Ideally, the proposed anchor would be capable of developing the full ultimate tensile strength of
the CFRPmaterial with a rupture of the CFRBd within its free gauge lengtiHowever, the
mechanical anchoraggystem impag a limiting effect on the CFRP rofllom the grip of the
wedges Since the application of the proposed CFRP anchorage system is intendégMo
rehabilitationof a posttensioned concrete bridge cantilever wing slab exhibiting deteriorated
transverse steel petnsioning in Canada, the Canadian Highway Bridge D&3igie(CHBDC)

will be utilized foranchorage acceptance criteriche Canadian Standards Association (CSA)
CSAS6-19 code, clause 16.8.6.3 on the capacity of FRP anchors stipulates that when tested in an
unbonded condition, anchors for poshsioning tendons shall be capable of developing a tendon
force at least 50%igher than the jacking force. Thus, the test criteria for the anchor will be set to
meet the CSA S@9 bridge code. Additionally, after tensioning and seating, anchors shall sustain
applied loads without slippage, distortion, or other changes that nedafts of prestress. The
ultimate tensile capacity of the anchorage system and the displacements and slippage of the
anchorage components will dictate the maximum permissible jacking fdareover, as there

are no standardized acceptance criteria foREFanchorage systems, we adopted certain
recommendations and requirements fribia American Concrete Institu(dCl) ACI 423.7%14,
PostTensioning Institute (PTI) Manual 2006, PTI M5.298, PTI M50.319, and Rostasy 1998.

The adoptedrecommendationsiclude but are not limited tahe following: minimumrequired

number of test specimens, minimum length requirements per test specimen, specimen loading
protocol and loading rate~or the preliminaryanchorageroof of concept testindgwo specimens

were fabricatedNo presetting load was applied onto the barrel anchors at this stagentitor

the movementsf the anchorage components at the loose naturakstageord whenheslippage

and the drawns occur. Table 3-6 presentdhe anchoraggroof-of-concept test matrix that was

observed.
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Table 3-6. Preliminary Proof of Concept Test Matrix

Specimen ID Anchor Type Pre-Setting Load  Specimen Length
(kN) (m)
S1Top Split Wedge None: Loose
& Barrel
1.80
S1-Bottom Split Wedge None: Loose
& Barrel
S2Top Split Wedge None: Loose
& Barrel
1.80
S2-Bottom Epoxy Potted None: Loose
Steel Pipe

The first specimen was comprised of a split wedge and barrel anchor for both the live and dead
ends. The second specimen wamprised of a split wedge and barrel anchor for the live end and
an epoxypotted steel anchor for the dead end. Both specimensiwg&min total length with
different free gauge lengths of CFRP rod owing to the longer length of the potted dead anchor.
The purpose of the second specimen watetectif therewould be achange in performandta

bonded anchas utilizedrather than the ppmsedmechanical anchan the deadend Figure3-8
presentsa schematic of the fabrication of the preliminamchorageproof of concept test
specimens.
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150 mm I___|

Figure 3-8. Preliminary Anchorage Static Test Specimens

The specimens were loaded based on a-¢oadiolled stepwise loading protocol. The loading
protocol was adapted from Rostasy 1998, and fib 1888ad-controlled stepwiskading protocol

was chosen for the nmements of the anchorage system components to be observed during stages
of appliedand sustained loading.able 3-7 presentsthe stepwise loading protocol that was
implementedandFigure 3-9 presentshe loading protocol graphically
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Table 3-7. CFRP Anchorage Bt Loading Protocol

Load State Load Loading Rate Load Step
(kN) (KN/min)
20% 30 6 5 min Applied

5 min Sustained

40% 60 6 5 min Applied
5 min Sustained

60% 90 6 5 min Applied
5 min Sustained

70% 105 6 2.5 min Applied

60 min Sustainec

100% 150 6 5-10 min Applied
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Figure 3-9. CFRP Anchorage Test Loading Protocol

The loadcontrolled stepwise loading protocol wadoptedto capture the displacements of the
anchorage components aaga better simulation of realistic periods of applied and sustained
loading that bridge structures underdbwus, the loagtontrolled stepwise loading protocol was
more advantageous than monotonic loading until failurear potentiometers (LP) were place

on the top of the CFRP rod, the wedges, and theslb@rmmeasure the draws of each of the
anchorage components as the tensile load increased. Bidires a schematicportraying the
placement of the LPs on the anchorage compomeketermine th&rawin measurementsprfio ,
represents the draims of theCFRP rod relative to theeference state at the beginning of the test.
Ainw @ represents the drains of the wedges relative to the reference state at the beginning of the
test. Component slippages defined ashe difference between the drams of the CFRP rod and
the wedges,jjw - pr |. The wedge seating distance, S, is the distance between thartape of

the wedges and the barréhe wedge seating distan@presents the placement of thedges in

the barrel which affestthe performance of the anchors.
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Linear Potentiometer

Barrel

Figure 3-10. Anchorage Components Draw Measuremen$chematic

3.3.2 Test Results and Discussion

Measurements obtained from the LPs on the anchorage compofferdgda better understanding
of the behaviour of the CFRP rod and the split wedges in relation to eachmdbethin relation
to the barrel Both test specimensbehaved similarlywith respectto the performance of the
mechanical anchagesystem Figure 3-11 presentshe drawins of the CFRP rod anithe split

wedges graphically.

16
14 +
12 +

€ 10

g 87

:

a 6T Wedge Draw-ins
4 4 CFRP Rod Draw-ins
2 1 Component Slippagé
0 _ . . . . - ————

0 10 20 30 40 50 60 70 80 90 100 110

Load (kN)

Figure 3-11. PreliminaryAnchorage Components Draws
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The CFRP rod and wedges were drawing into the barrel gradually at a relatively early load as there
was nho presetting force applied to the system, hence early anchorage system slippage. Anchorage
system slippage in this context is defined as the insedigplacement of the CFRP rod and the
wedges together into the barrel. Additionally, the rate of drewof the CFRP rod and the split
wedges into the barrel were identical owing to the even distribution of pressure of the wedges on
the rod from the unifon even spacing between the split wedges. Thus, there was no anchorage
component slippage of the CFRP rod and the wedges with respect to each other. Anchorage
component slippage in this context is defined as the diffeiarinsertion displacement between

the split wedges and the CFRP rod into the bafie. displacement of the barrel was measured

in relation to the anchorage component displacements and is portgagedically in
Figure3-12.

16

14 + i3
i

12 + e

Draw-ins (mm)
oo

a1 [IWedge Draw-ins
CFRP Rod Draw-ing
2 T @ Barrel Displacement

0 10 20 30 40 50 60 70 80 90 100 110
Load (kN)

Figure 3-12. PreliminaryBarrel Anchorag€omponent Displacement

The displacement of the conical barrel was null as expected for it was beatimg steel plates
bolted together within the universal Instron vertical testing machine as portrayed in Ftiure
Furthermore the overall displacemenbf the preliminary anchorage specimesmas recorded.
Figure 3-13 presentsthe loaddisplacementcurves of the splitsplit (S1) specimen and the
split-potted(S2) specimeiplotted togetherOverall displacement is a summation of the dmasv

at each anchor end plus the elongation of3R&P rod as the load increases. CFRP materials are
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lineare | asti c i n natur e, tdtoeerifgtheelomatibhovidhkthe hhaeadea w we
of load In the loose natural staté the anchor specimerthere was excessive slippage observed

for both specimens. Additionallyless overall displacementwas observedvith the second
specimern(S2)owing to the epoxy potted anchor on the deadvemdh observes no movement
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Figure 3-13. Load Displacement Curve for Preliminary Anchorage Tests

The overall loadresults of the preliminargnchorageproof of concept tests were promising to
permit the continuation of the proposed anchorage design and geometric details. The proposed
anchorage system was a good preliminary candidate worthwhile pustatiggtestsTable 3-8

presenta summary of the preliminagnchoraggroof of concept test results.

Table 3-8. PreliminaryAnchorageCFRP Proof of Concept Test Results

Specimen Load Failure Mode System Efficacy
ID (KN) Slippage (%)
S1 100.3 Pinching failure near the ancho Around10 kN 65
S2 102.7 Pinching failure near the ancho Around15 kN 66
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The failure mode opinchingshearfailure near the anchor is not idedtributedto the anchorage
effect of the wedges gripping tharthotropic in natureCFRP rod.However, knowing the
limitations of the anchor, it could still be used to meet the goals of this research [igpee3-
14 presentsa closeup of th€FRP rod failurgortraying the aftermatbf the wedge grigffect on
the CFRP rod.

Figure 3-14. Pinching Shea€FRP Failure Mode

The experimental preliminary anchorageoof of conceptests yieldedseverallearned lessons.
The following points indicate the steps that were undertakesfightly improve the anchorage

design before conducting anchorage static tests:

1 Presetting the wedges tocertaidoad to activate the system, increase the contact pressure
around the CFRP rod, redusgstemslippage and overcome wedge seating losses rather
than have loose wedges with no-gedting.

1 Arranging thethreesplit wedges evenly around the CFRP Rod to ensuuniformly
distributed contact pressure on the CFRP rod.

1 Application of metalfree antiseize lubricant on the outer surface of the aluminum wedges
to facilitate better insertion into the barrel and reduce any potential metal galling.
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1 Rounding off thetips of the wedges to reduce any sharp corners to reduce stress

concentrators in the region of high shear and tensile stress.

The above design improvements would imprthwe proposed anchor but we expect the ultimate
failure to be similar in nature to tlkenducted preliminary proof of concept tests.

3.4. Mechanical Anchorage Static Tests

Based on the resulend learned lessoms the preliminary anchorage proof of concept tetbis
design of the anchors was slightly improvétie anchors would bere-set, a plastic spacer disc
was machineéto ensureanevenarrangemendf thethreesplit wedgesand the tips of thevedges
wererounded off.Mechanical anchorage statests wereconducted to evaluate the shtatm
performance of the proposed CFRP anchorage system undeteshompplied and sustained
loads.The number of specimensst specimedimensionsloading protocqland loading ratéor
this round of anchorage test@sbased on th@reviousacceptance criteria we had adopsed
mentioned in the preliminary anchorage test secfidve overall capacityand efficacy of the
anchorswveredeterminedn addition to thedrawin measurements obtained of the CFRP rod and
thesplit aluminum wedged his round of testing was implemented to confireate jacking force
to posttension#3 CFRP rods that are to hdilized in thePT bridge cantileverehabilitation
experimental program of this research project.

3.4.1 Test Matrix and Fabrication
The main objectives of thmechanical anchorage static testge as follows:

1 Determine the overattapacity ancefficiency of the anchor against the nominal strength
of the#3 CFRP rod.

1 Determine the max safe permissible jacking fdarehe #3 CFRP rad

Five test specimens were prepared for experimental mechanical anchorage static testing. Two
distinctive presetting loads were selected for the anchorage specimens. The anchors \sete pre
one anchor at a time to the specified loadigally using an Instron machine. Three anchor test
specimens were piget at a load of 80 kN, and two specimens wereseteat a load of

100 kN.The lection of the two prsetting loads was based on literature research and primarily

what was advantgeous to meet the objectives of the research projedivAllest specimens were
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1.8 m in length utilizing split wedge and barrel anchors for both the live and dead ends. The same
load-controlled stepwise loading protocol was applied as mentioned psividuschematic of

the fabrication of the specimens is equivalent to the preliminary spectdem Figure 3-7.
Table3-9 presentshe observed test matrix for the anchorage static tests.

Table 3-9. Anchor Static Test Matrix

Specimen ID Material Anchor Type Pre-Setting Specimen
Load Length
(kN) (m)
S1 #3 CFRP Rod Split Wedge 80 1.8
& Barrel
S2 #3 CFRP Rod Split Wedge 80 1.8
& Barrel
S3 #3 CFRP Rod Split Wedge 80 1.8
& Barrel
S4 #3 CFRP Rod Split Wedge 100 1.8
& Barrel
S5 #3 CFRP Rod Split Wedge 100 1.8
& Barrel
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Linear potentiometeraere placed on the top of the CFRP raddthe wedgesvereto measure

the drawins of each of the anchorage components as the tensile load inciidssgérformance

of the individual components was critical givérat pre-setting was applied to the anchors to

reduce overall anchorage system slippage to a certain®adv en t he ofhetRplc r od 0 s
nature, the prsetting loadwas optimized to balae between the necessary -patting that
reducedsystem slippage/hile notindudng premature failuren the CFRP rodue to the imparted

compression force
3.4.2 Test Results and Discussion

The drawin measurements of ¢hCFRP rod and the split wedga® presented for just the top
anchorfor each specimems boththe top and bottonbehaved identicallyAdditionally, the
drawin measurementsre presented forone respective test specimen from each selected
pre-sdting load. The graphs for dilve testspecimens are presedin Appendix Afor reference.
Figure3-15 presentshe drawins of the CFRP rod and the spliedgeggraphically for specimen
T1 whichunderwent a prsetting load of 80 kN.

T1: 80 kN PreSetting

Draw-ins (mm)
w

21lom Wedge Draw-ins
T1 CFRP Rod Draw-ins
1 4
©® Component Slippage

0 10 20 30 40 50 60 70 80 90 100 110
Load (kN)

Figure 3-15. Specimen T1 Drawns
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Presetting the anchor to a psetting load of 80 kMesulted in no anchorage system slippage until
after 60 kN.Additionally, there was near zero component slippage between the wedgiee and
CFRP rod.The overall capacity of specimen T1 was®BN against a nominal strength of
154 kN, thus an overall efficiency of 64.3%resetting the anchor to 100 kN was implented to
observe whether a slightly higher getting load tfansversecompression force) would delay
anchorage systestippage. Figur8-16 presentshe drawinsof the CFRP rod and the split wedges
graphically for specimen T5 that underwent ageting load of 100 kN.

T5: 100 kN Pr&etting

SN
I
T

Draw-ins (mm)
w

JT5 Wedge Draw-ins

N
I
T

T5 CFRP Rod Draw-ins

@ Component Slippage

0 10 20 30 40 50 60 70 80 90 100 110
Load (kN)

Figure 3-16. Specimen T5 Dravins

Presetting the anchor to a psetting load ofL00 kN resulted in no anchorage system slippage
until after70 kN. Additionally, there was near zero component slippage between the wedges and
CFRP roduntil about 70 kN Furthermore, the draams were reduced owing to the increased
anchor presettingforce. However, the increasatchor presettingforce yielded a reddion in

overall capacityThe overall capacity of specime® Was 9.3 kKN against a nominal strength of

154 kN, thus an overall efficiency of 587%. In contrast with the

80 kN preset specimenhe overall capacity of the anchorage asher reduced owing to the

high presetting load athe induced transverse compression fromgatingwas too higtor the
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CFRP rod to beaand resulted in preature failure.The overall displacement of each #ue
specimeragainst the increa®f tensile loadf the anchorage system was recorfiedll preset

anchorsFigure3-17 presentshe loaddisplacementurve for the preset anchors.

135 +
120 +
105 +
= 90 +
=
S —
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T2-80 kN
T3-80 kN
T4-100 kN
T5-100 kN
® CFRP Nominal Strengt
15 20 25 30 35

Overall Displacement (mm)

Figure 3-17.Load Displacementurvefor PreSet Anchors

Thetwo 100 kN specimens underwertatively lessmachine displacemeiat the same tensile
load compared with their three 80 kN anchor specimen counterpintgever the80 kN anchor

specimens attained a higher overall tensile load due tentlaler compressive pietting load.

Thus, presetting to 80 kN was consideredbatter pre-setting load for thisanchorage design.
Figure3-18 presentshe loaddisplacement curve comparison between thespteinchors and the
preliminary anchorage proaff concept specimerAs anticipated, prsetting the anchors was
necessitateds it reduced anchorage system slippageesaced thenachinedisplacement when
attaining higher tensile load©ur proposed mechanical anchor would still dasvantageous
compared to steel strand counterparts, @gen steektrand PT systems require

pre-setting to reduce and/or eliminate detrimental slippage.

41



150

135 +

120 +

105 +

©
o
!
T

75 +

Load (kN)

60 +

Pre-Set Wedges

.

30 ) &{ ‘{

/

7
{/,../

| No PreSetting |

P e

B T1-80 kN

B T2-80 kN
T3-80 kN
T4-100 kN
T5-100 kN

¢ Split-Split

@ Split-Potted

® CFRP Nominal Strength

0| :

0 5 10

20 25

30 35 40

Overall Displacement (mm)

45 50

Figure 3-18. Anchorage Load Displacement Curve Summary

Table 3-10 presentsthe overall system capacitgf the CFRP anchorage systdar each test

specimenthe load level where slippage was observed, and the efficacy of the anchorage system.

Table 3-10. CFRPAnNchor Static Test Results

Specimen Pre-Setting Load Observed Efficacy

Load (kN) Slippage (%)
(kN)

S1 80 98.9 After 60 kN 64.3

S2 80 97.7 After 60 kN 63.5

S3 80 105.9 After 60 kN 68.9

S4 100 874 After 70 kN 56.8

S5 100 903 After 70 kN 58.7
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Fromthe obtained experimental results of the anchorage staticttesisroposed CFRP anchor
was adoptetb be implemented in the PT bridge cantilever experimental program. Tketfirg
load for the anchomwould be set to 80 kN and the maximum effective jacking fdocethe
#3 CFRP rodvould be set to 50 kN.

3.5 Final CFRP Anchorage Design

Based on the results of the preliminary proof of concept and the anchorage static tests that were
conducted, the proposesplit wedge and barrel CFRP mechanical anchorage system will be
utilized for the strengthening dd half-scale postensioned concrete bridge cantilever wing
specimen exhibiting deterioration in the steel Biilike a static testivhen jacking the CFRP rod
against the steel bearing plate thvais the medium ttransfer the PT force to the concrete, a gap
would be present between the loading end of the barrel and the bearing plate. To account for this
difference/gap, weroceededo thread the loading end of the barrdlereading of the loading

end of the barrelesould allow for a commercidiex nutto thread oto the barrel taccountfor

this gap. Additionally,tightening the hex nut against the steel bearing platgd facilitate the

locking ofthe jacking force being transferred to the bridge cantilever concrete specimens from the
PT CFRP rodAfter barrelthreading, the anchor was ready to be used to jack the selected #3 CFRP

rods.Table3-11 presentghe materials for the finalized CFRP anchorage design.

Table 3-11. Final CFRP Anchorage Materials

Anchorage Component Material
Barrel 316Stainless Steel
Wedges 6061 Aluminum
Spacer Disc Plastic
Hex Nut 316Stainless Steel

A lubricant was used between the stainiete®l barrel and the aluminum wedgesallow for
easier insertion of the wedgego the barrelvhen presetting. A metal antseize lubricant was
used between the stainlesteelbarrelthreads and the hex niireadso avoid any gallingvhen

tightening the hex nub lock the PT force against the bearing plate.

The final proposed CFR&chorage system features the following:
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316 Stainless Steel Barrel.
ThreeSplit 6061 Aluminum Wedges.

No sleeves or adhesives, pure frictional resistance.

= =2 =2 =4

A longitudinal circular profile with a circular radius of 1650 mm was used for the inner
conical hoé of the barrel and the outer aluminum wedge core.
Radial Plastic Spacer Disc.

Fine Barrel Threading witR5 mmThick 316 Stainless Steel Hex Nut at the loading end
of the barrel.

i1 Presetlive & deaeend anchors.

Figure3-19 presentshefinal in-house developed and machidr@RP anchor.

Figure 3-19. Final Machined CFRP Anchu
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Figure3-20 presentghe final CFRP anchorage system. The system is comprised of live and dead
anchors bearing on steel bearing plates that would bear on the PT bridge cantilever concrete
specimenThe stressingnchor (anchor #3) was not shown for clarfythird anchor wasequired

as is standardfor posttensioning behind the hydraulic cylinder tstressthe CFRP rod.

No pre-setting load was applied to the stressing anchuoe. wedge®f the stressing ancherere

situated and tappedtmplacein the barrel by hand

Stainless Steel Barrel

teel Bearing Plate

Stainless Steel Hex Nut

FRP Rod
Free Gauge Length

Dead Anchor

Aluminum Wedges

Figure 3-20. PT CFRP Anchorage System

The above system was used as permanent anchorage to rehabilitatesaalbaPT bridge

cantilever wing slab presented in the following chapter.
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CHAPTER 4 BRIDGE CANTILEVER EXPERIMENTAL PROGRAM

In the following stage othe research experimental prograine in-housedevelopedCFRP
anchorage system wasmplemented intoPT concrete bridge specimefhis stageentailed
fabricatingscaleddownbridge cantilever specimens based on an existingtpostoned concrete
fyoveri n t he Province of Nova Sc bridge asttusturamdeg h wa y
considerationis an approximately 240 m longevenspan postensioned solid box girder thi
lengthy cantilever wingsThe width of the bridge structure 18.8 m 9.9 mfrom curb to curb,
carryingtwo lanes of traffic in one directiohe cantilever wing measur8s% min lengthfrom
the top cantilever root to the free efthe deck depth of theantilever wing varies from 225 mm
at the free end td50 mm at the top roofransverse82 mmPT steel barspaceds00 mm on
centre encased in grouted 50 mm corrugated metal ducts seswbe primary structural
reinforcementresisting thevehiaular traffic loadsimpartedon thecantilever wingsFigure 4-1

presentsa transverse crossection of the bridge structure.
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Figure 4-1. Bridge StructureUnder Consideratiomransverse CrosSection

During routine maintenance scheduled tbe underconsiderationbridge structuren 2020,
deterioratedransversd®T steel bars were unraveldde bridge structure underwent emergency

rehabilitationwhich included themplementatiornof mild (nonprestressedjeinforcementt the
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time to safelyreopen the bridge toarry vehicular traffic loads at the ultimate limit state (ULS)
The concern with mild (neprestressed) reinforcemer this situation is thee is no
reintroduction of the lost preompression force that was transferred into the concrete during
standard postensioning operations. U to the loss oPT force from thaleterioratedransverse
steel barsthere isaconcernconcerninghe serviceability limit statéSLS)of the bridge structure.
The loss of the preompression forcevhich squeezes theoncrete resulting innupward camber
among other benefiteas been lost, and the cantilever wing widéfled more under service.
Therefore, research intthe feasibility ofusing postensioned CFRP rods nethre surface
mountedon the top slalwas proposed as a possible rehabilitation strategy. The intent was to
rehabilitate the lost transverse steel PT faoceontrol deflections anithe sag of the bridge at the
free end of the cantilever& CFRP anchor was developed as present&hapter 3 of thipaper

to jack a #3 CFRP rodsed forthe rehabilitationof a scaleddown bridge cantilever specimen.
Two haf-scale bridgecantilever wingspecimens wer fabricated for this stage of the research
experimental programOne halfscale specimeservedasthe control The second served as a
specimen that underwesimulated damageeforethe applicatiorof the proposed rehabilitation
methodology.The presentation of the performance and behavidheposttensioned concrete
bridge cantilever specimers detailed in the following sections of this chapfEne following
sections include the design, materidigyrication, postensioning, and testingf the halfscale

bridge cantilever specimens.
4.1. Bridge Cantilever Materials

The materials utilizeddrr this stage of theexperimental researaliere comprised of emulating
equivalent half-scale conditions from the existing bridge structureby utilizing the same
manufacturers and similar strength materials where possible. The primary materials tisied for

experimentaprogramstageare but are not limited to the following:

15 mm High Strength Prestressing Steel Bars.

32 mmCorrugated Metal Spiro Ducts.

Unidirectional No.3 (10 mm) CFRP Rods.

35 MPaDOT ReadyMix Concrete.

In-House Machineé & Developed Split Wedge & Barrel Mechanical Anchor
10M Mild Steel Rebar.
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Table 4-1 presentsthe material design properties of tharious reinforcement used in the

posttensioned bridge cantilever specimen as obtained from the respective manufacturers.

Table 4-1. Reinforcement Material Design Properties

Material Nominal Cross Yield Ultimate Elastic
Diameter Section Area  Strength Strength Modulus
(mm) (mm2) (MPa) (MPa) (GPa)
Prestressing Steel Be 15 177 880 1100 205
No.3 CFRP Rod 10 71.26 N.A* 2172 124
10M Steel 11.3 100 400 N.A* 200

*Not Applicable

Thehigh-strength stedbarsand associated corrugated metal ducts were purchased from the same
manufacturerDywidagin the United States. The CFRP rods were purchased from Aslan/Geotree
supplies in the United States. The rebd&mmber, and plywood were all puresed locally in

Nova Scotia. The concrete was also from a local re@aidtysupplier.Based on the original
drawings,at the time,the underconsiderationbridge deck was poured with 5000 psi grade
(35 MPa)concrete Therefore, theelected readynix concrete for this experimental prograras

a 35 MPa grade concrete with a 10 mm nominal coarse aggregate isizmmon practice for

the Nova ScotidOT to use 35 MPa gradE) mmaggregatstone for all their bridge rehabilitation

and maintenance project85 MPa is a very common standard performance grade of concrete.
Additionally, the smaller stone is preferred due to the limited concrete poe@ominantlypresent

in old bridge structuresTable4-2 presentghe specifications the readggix concrete confored

to as per the Nova Scotia Transportation & Infrastructure Renewal (NSTIR) January 2021
Standard Specification manual, specifically Division 5 Section 7 (Cast in Place Concrete), and
Division 5 Section 13Concrete RestoratieBridge Structures).

48



Table 4-2. ReadyMix Concrete Specifications

Structural Requirement Value
féc @ 28 Days 35
Maximum W/C Ratio 0.40
Minimum Cementitious Content (kg/m3) 415
CSA Exposure Class C-1
NominalMaximum Aggregate Size (mm) 10
Maximum Fly Ash Replacement (%) 25
Plastic Air Content (%) 6 TO9
Slump Range (mm) 80 ++ 20

4.2 Bridge Cantilever Design

The bridge cantilever design wasaltscale model ofhe transverse crosectionof theunder
consideratiorbridge structureScaling down of the existing bridge was onbcessitatetbr one
cantilever wingFor variouslaboratory logistial purposes,tite experimental specimeantilever
wings were capped a900 mm inwidth. The total lengthof the specimensvas 3.0 m. The
experimentakantilever wingmeasured..75 min length from the top cantilever root to the free
end. Theslabdepth of the cantilever wingariedfrom 150 mm at the free end t825mm at the
top root.15 mmPT steel barsvere utilizedand spaced300 mm on centre encased in grouted
32 mm corrugated metal ductsThus, three steel tendons were the primary structural
reinforcementFigure4-2 presents transverse crosection of the experimental cantilever wing

design.
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Figure 4-2. Experimental Bridge Cantilever Wing Design

Two experimental bridge cantilever wing specimens were cast based on the above design
schematic.The first specimegnS1served as the control, emulatiaghalf-scale full structural
capacity conditionThe second specimen, S2 served as the rehabilitasgremulating simulated
damage conditiondo weaken thestructural capacity followed by the proposed PT CFRP
rehabilitationmethodology The main objective was to witness the feasibility of the NSM PT
CFRP rehabilitatiormethodologyand to observeif it was able to rehabilitatéhe structural
capacity that has been lo3table 4-3 presentghe system description of the two experimental

cantilever wing specimens.

Table 4-3. ExperimentaBridge Cantilever Specimen Description

Specimen ID Specimen Description
S1-Control Full Structural Capacitgonditions
S2-Rehabilitation Simulated Damage Conditions with P~

CFRP Rehabilitation

50



The control specimen, specimen S1, simulates existing full capacity conditions, i.e., existing steel
posttensioning with no deterioration. The rehabilitation specimen, S2, simulates damage
conditions, i.e., a degree of deterioration to the steeltpnsbning which is characterized by the

loss ofonesteel tendon in the system and the incorporatiawoiNSM PT CFRP rods aiming to
rehabilitatethe capacity of the cantileveFhe highstrength steel bars and the CFRP rods each

respectively have anique anchorage system which is definnTable4-4.

Table 4-4. Bridge Cantilever Specimen Anchorage Systems

Material Anchorage System

High Strength Prestressing Steel Bar Bearing Plate with
Full Load Steel Hex Nut System

CFRP Rod Bearing Plate with
Split Wedge & Barrel System

The prestressing steel bar 6s anchdywdggeasis y st em
was a commercial producHowever,the CFRP anchorage system hadb® developed and

machined iFhouse for no commercial systems exstindicated beforeSpecimen S1 include

only steel postensioning. Specimen S8cludedsteel postensioning andwo CFRP tendons.

Figure4-3 presentshe prestressing steel anchorage systemprisedf the bearing plate and hex

nut Figure4-4 presentshe CFRP anchorage system comprised of the split wedge and barrel
system.
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Full Load Hex Nut

Steel Tendon

Figure 4-3. Steel Tendon Anchorage System (Modified from Dywidag?2

Stainless Hex Nut

Stainless Barrel

Aluminum Wedges

CFRP Tendon

SM CFRP
Groove
/teel Bearing Plate

Figure 4-4. CFRP Tendon Anchorage System

The highstrength steel bas threaded along its lengttinerefore gripping and jackng the bar is
simple A steel bearing plats neededand a hex nuthreads onto the bar and locks the Idad.

the other handa CFRP rod is not thread&dich poses a challenge fgripping and jacking the

rod. Thereforeanin-houseanchor had to be developadd machined
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4.3, Bridge Cantilever Specimen Test Matrix & Fabrication

The control and rehabilitation bridgantileverbridge specimens were fabricataud framedn a

structural laboratorysing19 mmstructural plywood and 2 x imbe. Two high-strength steel
barswith associated washers and hex nseutilized per specimeas a formwork tig¢od system
to resist the high pressummparted on the forms when castitige fresh concretand until the

concretecures Figure4-5 presentghefabricationof the bridge specimens the laboratory

L= 1
LI » &

Figure 4-5. Bridge Cantilever Specimen Fabrication
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Various parametersvere kept constant within the experimental program forciwatrol and

rehabilitation PTbridge cantilever specimens which amatrayed inTable4-5.

Table 4-5. Fixed Experimental Parameters

Fixed Variables Variable Metric
Anchorage System Permanent Mechanical Anchorage
SteelBar Tendon Spacing 300 mmc/c Sacing
CFRP Size & Geometry #3 (10 mm) CFRP Rod
NSM Groove 35 mm Width x 47 mm Depth

Firstly, the anchorage systems for the steel prestressing bars &iRRerods respectively were

the same for both bridge cantilever specimens. Secondly, the spacing between the prestressing steel
bars was fixed at a spacing of 300 rofm The c/c spacing between the prestressing steel bars was
selectedas half thespacing from theexisting 600 mm transverse tendon spacing orekising

bridge structureThirdly, the rehabilitation methodology was fixed to the utilization of#8mm)

CFRP rods for pogensioningin nearsurfacemounted groovesNo dssimilar rod sizes, CFRP

strips, or fabrics were used. Fourthly, the NSM groove dimensions were fixed. The NSM groove
dimensions adhere to the minimum dimensions specified by the
ACl4402-17speci fication and the nberC8ASAIO bridgeeodeds 1 ec
provides NSMgrooves recommendations ftite rehabilitation of timber beams with GFRP
however,no mention of NSM grooves in concretéurthermore the groove dimension®f

35 mm x 47 mmwere specified as for constructability purposedn both specimenghree
corrugated metal ducts were incorporased spaced at a fixed 300 maic spacingfacilitating

the voids necessary for bonded pstsioning. The control specimen, specimen \8iich
simulatedexisting full capacity conditionsasthreeducts withthreehigh-strength steel bar@ne

steel bar running down the centre of each duct. The rehabilitspiecimen, specimen S&hich

simulateddamage conditionbasthree ducts but onlytwo high-strength steel bars. No high
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strength steel bar was placed in the centre.dw steel bar in the second (central) duct is
eliminated to represenh&quivalentioss ofstructuralcapacity emulating a snapped tendon in the
field. The incorporation afivo NSM CFRP rodserves to be the proposed rehabilitation strategy
for thecantilever section. Tabke6 presentshe steel tendon and CFRP tendiyout, in addition

to thetarget transfer forces for each bridge cantilever specimen

Table 4-6. Bridge Cantilever Specimen Tendon Schedule

Specimen ID Bonded Steel  Steel Target CFRP Tendon CFRP Target
Tendon Layout Transfer Layout Transfer Force
Force (kN)
(kN)
S1-Control 3 Ducts 50-100- 50 0 Rods N.A*

3 Threaded Bars

S2-Rehabilitation 3 Ducts & 50-N.A-50 2 Rods 50EACH
2 Threaded Bars

*Not Applicable

The target transfer forcefor the steetendonswere selectedo emulatevaried posttensioning
forcespossiblyexhibited orthereal bride structurelhe steel tendonserenotstressed to the full
capacity threshold as per the CSABBbridge codewingto the limiting jacking force that could
be applied on the CFRP mdased on the anchorage experimental program test rpsaisusly
presentedn Chapter3, the maxmum safe jacking force the CFRP rods could withstand was 50
kN. The anchorage effeon the CFRP roddictated the max effective PT forCenereforefor the
control specimerthe central steel tendon was jacked to a force of 10@kiNsequently,dr the
rehabilitation specimersimulated damage conditigndenotedas the loss obne steé tendon
resultedn the loss ofL00 kN of PT forcen the systemThus theproposedehabilitation strategy
consisted otwo CFRP rods at 50 kN eadhithin the influence zone of the central tendaom
theory, the rehabilitation proposal would bestoringthe lost 100 kN from thene 15mmsteel
tendon by means ¢vo 10 mm CFRP rodeearsurface mounted in groovesth a total force of
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100 kN Figure 4-6 presentghe free ed (jacking end) ofthe controlspecimerand Figure 4-7

presentshefree end (jacking end) dlfie rehabilitation specimen

Figure 4-7. Rehabilitation Specimen Jacking End
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The structural behaviour of a concrete cantilevelab under any loadbends the cantilever
downwardsy creating a convexity upwardehus,the main reinforcemeis required to be within

the top fibres which experience tensiofihe major advantagef a bridge cantilever wing is the
bridge bp slab iseasily accessible Therefore, for rehabilitatignnearsurface mounting of
reinforcementin groovess quite feasible and realistidowever, even though the top slab is easily
accessible, theris currentlyminima guidance and limiteNSM CFRPdetailing requirements
available.FRP nmanufacturersecommendminimum dimensions of NSM groovdsut with little
specific detailingIn this applicationwe proposed our own CFRP reinforcement detailirige

only pertinentclausein the CHBDCon NSM rehabilitation is as follows. THESA S6-19 bridge
codeaboutthe rehabilitationof existing concrete structures with FR&pulates the following:

iCl ause 16.12 applies to exi sdflessthanorcequale@t e st 1
MPa and are strengthened with FRP comprising externally bonded system or NSMR. If the
concrete cover is less than 20 mm, NSMR shall not beaBed our rehabilitation strategwe
proposed the CFRP rod be plaada depth oB2 mm on centrén a 35 mm by 7 mm NSM
groove.As indicated in the literature reviesectionof this document irfChapter 2, smaller NSM
grooveshaveresuledin bondslip failure of theFRP reinforcement arttie splitting of the groove
groutwhich is arundesirabldailure mode. Thusur FRP NSM detailing proposal delivers on the

following:
1 Avoids FRP reinforcemerttondrelated failure.
1 Meets CSA S6l9 concrete cover requirements for NSMR.
1 Constructability and Feasibility.

The width of the NSM groove was selected to match the nominal dimension of a 2 x 4 piece of
lumber. The depth of the NSM groove was selected based othéwetical concrete cover
typically observedn old concrete bridgeim Nova ScotiaThe depth on centre to the CFRP rod

was selected to ensure adequate coverage of grout encasing the reinforcement within the groove.
Figure 4-8 presentsa schematiof our proposed CFRP rod NSM groove detailing that was

implemented for the rehabilitatidsridge cantilever specimen.
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#3 (10 mm) CFRP Rod

—~—— 35 mm G.W

|

47 mm G.D

SIKA 212 Cement NSM Grout

Figure 4-8. CFRP NSM Groove Detalil

A cementbasedgrout was selectedhs the proposedehabilitationstrategy is comprised of a
bonded PT systenA bonded PT system allows fire tendon to be bonded with the concrete
whereprimary reliance is not jusin the anchorage endghe grout locks the CFRP force along
the length of the groove asttain compatibilityis establishe@ith the existing concrete substrate.
SIKA 212 grout was chosen as a comniarexpensive constructiocemertbasedgroutas the
matrix to fill the NSM groovesVhen casting the cement grout into the NSM groave$fionding
agent was applietb the grooves anthe grooves were not sadbthstedor prewet. The above
conditionssimulateda worstcasebond scenariobetween the CFRP and the concrete substrate
where acontractoravoids or forgets to properly prepare a concrete substratesasétimes the
casen the field.

4.4. Bridge Cantilever SpecimenPostTensioning

The cantrol and the rehabilitation bridge cantilever specimens weret@oasionedo the jacking
forces specifiedn the tendon scheduia Table 4-6. After the concrete had reacheufficient
strength, the tendons wegeeckedto the specified stress. Stressing of the tendonscompleted
employing300 kNhollow hydraulic cylindes bearing against a steel bearing plétepreparation
for posttensioning, the hydraulic cylinders were calibdat® the specified jacking forces.
Calibration of théhydrauliccylindersand pumgtransducer systemvascompletedusinga 2 MN

Instron machine.Load cells were attached on the top of the extended pistons of the hydraulic
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cylinders that werbearing on theerticallnstronmachinenead At each load incremértheforce
between the pump/transducer system and the hyddiliclerload cels was céibrated with the

aid of a data acquisition syster@tressing recordandrespectiveposttensioning protocalwere
established for each bridge cantilever specirBgmmetry while jacking was maintained with the
prescribegosttensioned protocoFor the control specimen, the following stressing protocol was

adhered to:
1- Stress théwo outer steel tendons togetHest (double pull)
2- Stress theentral steel tendon individualBubsequently (single pull).

The stressing recds for the control specimen, both thieel tendordouble pull andhe steel
tendon singlgull aredetailed anghresentedn Appendix B.1 and\ppendix B.2 respectivelyor

the CFRP rehabilitation specimen, the following stressing protocohdlzered to
1- Stress théwo outer steel tendons together first (double pull).
2- Stress théwo CFRP rods together subsequently (double pull).

The stressing records for the rehabilitation specimen, both the steel tendon double pull and the
CFRP tendon doubleufl are detailed angresentedin Appendix B.3 andAppendix B.4
respectively Stressing operations occurredfive load increments (20% at a time) per pull until

the final stressing force was achievé&uiring the stressing operatiortendon elongation ah

pump pressurereremeasured as primary means of force transfer confirmddentical toin-situ

field measurement of tendon elongatia@perations laboratory measurementserve as
confirmation that the required forb@adbeen transferred to thendon Additionally, strain gauges

were placed on both the steel tendons and the CFRP tendons as secondary means of force transfer
confirmation.As the physical properties of the tendahe tendon profile, the length of the tendon,

and the force that t® beapplied are all known, the theoretical elongation and theoretical strain of
the tendon can be calculatédicro-Strainreadingswererecorded at the following timeduring

the stressing operations:

1 At each load increment

1 At thespecified jacking force
1 At pump stabilizatio
1

At tightening of the henut
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At pump release

At 60 minutes after release

= =4 =4

At 24 hours after release
1 ReTension if necessary

There are losses in asystemand pumps are never 100% efficient, therefore these losses had to
be accounted for. PT system losses veemunted for by jacking a little highttran the specified
stressing forceStrain readings aftehe release of th@ump confirmedhe predictediosses and
oncethe force was below thequired minimum thresholdt was simply reensioned. As long as

the steel tendon ducts and the NSM grooves were not grouted, the tendons cou@hbemed

to the necessary threshold. Moreover, the tendons dmutte-tensioned if any errors during
stressing operations were encountered aneda lis required. Figurd-9 presentsa schematic of

the control specimen PT operatioremd Figure 4-10 presentsa schematic of the CFRP

rehabilitation PT operations.

"l'"-‘;”ii‘-. -

o

Figure 4-9. Control SpecimeiostTensioning Operatian
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Figure 4-10. Rehabilitation Specimen Pe§ensioning Opeations

After the final jacking forcédor all tendons wabkcked and transferred the concretethesteel
tendonducts andhe CFRPNSM grooves were groutadspectively SIKA 300 PTwas utilized
as a specializexhatrixto grout the corrugated metal ducts amidA212 was utilized to gout

the NSM grooves

45. Bridge Cantilever Instrumentation & Test Setup

The bridge cantilever specimens were tested usidaslatedservice and ultimate loads utilizing
a 1 meganewton actuator pushing down as a point simulated truck wheel load distributed by a 250

mm wide x 500 mmlong x 25 mmthick steel plate. The centreline of the loads500 mm from
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the free end of the cantilever and 450 mm from the edzggeectively The centreline of the test
point load emulates an estimated realistic location of wheel laadiseoinsitu existing bridge
structure and the location of cantilever geometry change to observe maximum load &ffects.
12.5 mm thick neoprene rubber pad was placed under the lostdgplateBoth specimens at
the fixed cantileveendwere anchored to the ground. Anchorthg specimens to tHaboratory
concrete floowas complete@mployinga 1.5 mlong by 162.5 mm wideby 0.90 mdeepsteel
I-beamand two 50 mmdiameterthreaded bolts and associated washers andThed:beam was
bearing on two200 mmx 200 mmx 25 mmthick steel platesSimilarly, a 12.5 mm thick neoprene
rubberpadwas placed underachsteel plateFigure4-11 presentghe test setup of the specinsen

in the labunder the loading actuator frame

single point Loading
Stesl gpreader

Figure 4-11.Bridge Cantilever Specimen Test Setup

Various instrumentation and sensors wereupain the bridge cantilever specimens to obtain the

necessary experimental da@r both specimens the following instrumegign was placed:
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l

Strain Gauges on the CFREndongApplicable only to Rehab Specimen)

Strain Gaugesrothe Steel Tendons

Single string potentiometer directly underneath the load

Two LPsat250 mm from the cantilever free end and 150 raspectivelyfrom thewidth
endsto witness if the specimen twisten loading

ThreeLPsspaced at 375 mm incremeirisbetween the string pot and the cantilever root
on the cantilever soffit

OneLP at the bw girder rear end to record specimen uplift when loading

Figure 412 presentshe sensoryinstrumentationayout for the bridge cantilever specimens.

Figure 4-12.Bridge Cantilever Specimen Instrumentation Layout
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4.6. Bridge Cantilever Loading Protocol

The control and rehabilitation bridge cantilever specimens were $tatically loaded under a
specified2.5 mm/mindisplacementontrolled loading protocol. Both specimens were tested
under simulatedservice and ultimateonditions. Simulatedeavice conditions for the bridge

specimens ereestablished by referring the CSA S619 bridge codspecifically clause 8.8.4.6

(prestressed concrete stress limitatiassjollows:

1- At the serviceability limit states,
i. Compression due to dead lgaldseffectivepr est ress after all
i. Compression due to SLS Combination 1:

iii.  If the tension in the concrete exceeds fcr, Clause 8.12 shall apply.

SLS combination 1 ispresented asEquation 41 as perthe CHDBC clause 3.5.1
(Load Factors and Load Combinations):

YO 6Y¢ & Q¢ Wo M@ETOY 1B )
(4-1)
Where: D.L is the dead load

L.L is the live load

If the tension in the concrete exceéat, clause 8.12 would applfthe CHDBC clause 8.12.3.4
(tensile stress limits for reinforcing steel) stipulates the following tensile stress limit under service:

For Category A exposure: The lesef 300 MPa orEquation 42:

pPH WQ O

(4-2)
Where: fcr isthecracking strength of concrete (MPa)

Es is the modulus of elasticity of reinforcing bars (MPa)

ab is 1.0 for uncoated bars

db is the nominal diameter of a bar (mm)
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The abovecode clauses were set as the criteria to establish the serviceatilitgtéite and the
overall experimental loading protocol for the bridge cantilever specimims.threeSLS
conditionswere run for the control arttie rehabilitation specimeto establish thenagnitude of
thesi mul at ed f s éthat wouldbe impared 300 rhnooatal the systenfrom the
cantileverfree endusinga loading actuato hesimulatedsewice load is represented by the point
load loading actuator as the live load. The dead load is represented by-theigktfof the bridge
cantilever specimengondition | requirements yields meetingquatiors 4-3 for the control
specimen ané&quatiors 4-4 for the rehabilitation specimen.

QO = - 8 Q0

(4-3)

Q0 = . ™ U0

(4-4)
Where: fc is compression stress in the conckgi®a)
Pps is the effective prestressing force applied to thestigingth steel bars (N)
Pfrp is the effective prestressing force applied to the CFRP tendons (N)
Aconc. is the area of concrete that bears the prestressing force (mmz2)
Mdead is the af-weight moment (N.mm)
Sconc. is theoncrete section modulus (mm3)
foc is the compressive strength of the

Condition I requirements vyield meetingquatiors 4-5 for the control specimen and
Equatiors 4-6 for the rehabilitation specimen.
- 0 0 ww O WW  TOWL WO ww

“Q _ _ _ _ n, i
© 5 ., o 0 0 TP TX0

(4-5)
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(4-6)

Where: fc is compression stress in the concrete (MPa)
Ppsis the effective prestressing force applied to the-sigbngth steel bars (N)
Pfrp is the effective prestressing force applied to the CFRP tendons (N)
Atrans. is the transformed area of concrete that bears the prestressing force (mm2)
Mps is thesteelprestressing moment (N.mm)
Mfrp is the CFRP prestressing moment (N.mm)
yc is the distance to the cracked concrete section neutral axis (mm)
Icrack is the cracked transformed concrete moment of inertia (mm4)
Mdead is the selfveight moment (N.nm)
Mlive is the moment caused by the service point load (N.mm)
D.L.A is the dynamic load allowance
foc is the compressive strength of the

The dynamic load allowance was sebt@for our scenari@ue to thanherenly static nature of
theexperimental laboratory loading of thedge cantilevespecimensCondition Il requirements
yield meetingEquatiors 4-7 for the control specimen ariejuatiors 4-8 for the rehabilitation
specimen.

Q 0 0 ww O Ww  TOWU WO ww
£ 0 g O ‘O ‘O
(4-7)
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Where: fs is the tensile stress limit for the reinforcing steel (MPa)
ns is the transformation factor
Ppsis the effective prestressing force applied to the-sigbngth steel bars (N)
Pfrp is the effective prestressing force applied to the CFRP tendons (N)
Atrans. is the transformed area of concrete that bears the prestressing force (mm2)
Mps is the &eel prestressing moment (N.mm)
Mfrp is the CFRP prestressing moment (N.mm)
ysis the distance to tHevel of the tensile reinforcemeoéntroid(mm)
Icrack is the cracked transformed concrete moment of inertia (mm4)
Mdead is the selfveight mometn(N.mm)
Mlive is the moment caused by the service point load (N.mm)
D.L.A is the dynamic load allowance

Although the specified compressive strength oftitiezed readymix concrete was 35 MPa, that
value had to be confirmed the labto refine the loading protocoUniaxial compression tests
were conducted on cast 100 mm x 200 mm concrete cylibdéweeloading each specimehable

4-7 presentsghe results of the mechanical properties ofutiezed readymix concrete.
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Table 4-7. ReadyMix Concrete Mechanical Properties

Specimen ID Compressive Strength Cracking Elastic
(MPa) Strength (MPa) Modulus (GPa)
S1-Control 39.8 2.5 27.2
S2-Rehabilitation 41.9 2.6 27.3

Based on all the abov€pndition Il was the governing condition for thiting max magnitude
of the servicdive load. Table 48 presentshe max service live load for each specimen.

Table 4-8. Bridge Cantilever Speciméviax Service Live Load

Specimen ID Service LiveLoad (kN) Tensile Stress Limit (MPa)
S1-Control 67 267
S2-Rehabilitation 72 271

Therefore, a loading protocol was establisléer numerically runningequations 41 to 48.
65 kN wasdetermined to be theervice live loads an even whole conservative numBer both
the control and rehabilitatiorspecimes, there wergen conductedoad steps in totaland are

detailedas follows:

1. Load Step #1: 25 kN (Uncracked Moment Region)
2. Load Step #2: 35 kN (Onset GfackingRegion)

3. Load Step #3: 45 kN

4. Load Step #455 kN.

5. Break 40 kN

6. Load Step 8B: 65 kN
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7. Load Step 8: 85 kN

8. Load Step # 100 kN

9. Load Step 8: 115 kN

10.Load Step 8: 140 kN

11.Load Step #10: Ultimate Destructi@tage

At each load stage, the specimens were loaded to the specified load step and then back to O kN.
The bridge cantilevers wengcledfive timesstaticallyper load stagap tothe 85 kN load step.
However, at the break stage, orilyo cycles were conductedifter the 85 kN load stage
(postservice) the bridge cantilevers were cydléhreetimes statically per load step untiie

ultimate destruction load stagehe detailed loading protocol anesst observations at every load
stepfor the control and the rehabilitation specimars preseridin AppendixC andAppendixD

respectively.
4.7. Bridge Cantilever Test Results & Discussion

The following section presents the results of the bridge cantikymrimental specimens. The
load-deflection curves at the theoretical serviceability limit state and ultimate will be presented.
Additionally, the loadstrain curves will be presented Aesimulated service leveDue to the
sensitive nature of the strain gauged the fatigueoverload on them, the loalraincurves atthe
ultimate will not be showrf-urthermorethedeflectedshage of eachbridge cantilever specimen

is portrayed asimulated servic€65 kN) andsimulatedpostservice (85 kN). As the bridge
cantilever specimens were a hatfale design adn existing bridgetaucture, there @reno stirrups
placed within the slabto emulatethe in-service bridgeTo obtain and achieve meaningtebkt
results, by design all premature failufg®., shear, bursting, splitting, localized compression
crushing)were prevented. By design, a flexural failure., a concrete crushing failure mode was
intendedfor both specimens toomparethe behaviours okach system. The results of the control
specimenare presentedirst beforethe rehabilitation specimen. A comparison between the two

specimens anddisaussion of the results is presented subsequently.
4.7.1. Control Specimen
The control specimen was loaded as per the loading protocol presierisection 4.6 of this

documentAt simulatedserviceconditions equivalent to a loading actuator pdiméid nagnitude
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of 65 kNpushingon the systenthecantilever was deflecting approximately 6 randerneath the
load. At postservice, equivalent to a loading actuator point load magnitude of 85 kN pushing on
the system, the cantilever was deflecting appnaxely 9.35 mmunderneath the load. A
postservice load igpresentedo demonstratéhe cantilever beingpaded passimulatedservice
limits, simulating a heavier truckloas is common for kservice bridges todayigures 413 and

4-14 portraythe deflected shape of the control specimen uséeiice (65 kN) and poservice

(85 kN) loadgespectivelyAs shown previously ifrigure 411, the load was applied 1.25 m from

thecantilever root.
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Figure 4-13.Control Specimei®ervice Load Deflected Shape
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Figure 4-14. Control Specimen PoServiceLoad Deflected Shape

The control specimen under servicadand postserviceloadbehaveds predictedJnder service

(65 kN), top slab crackeere presenn the tension region of the cantilever since the load was past
the cracking stredsmit of the concreteBy design, the PT bars were not stressed to the maximum
limit for the reasonstaedin previous section€racksin the specimemwould run across the width

of the top slabs. The cracks were visible and measurable when the service |lbattveasstant.

The range of crack widths measured from 0.05 mm to 0.20 mm approxinfdtel\pcation of the
crackswasquite distinct in natureunning ata certaindefined spacin@f approximately 150 mm

on centre Figure 415 presentghe cracking patte of thecontrol specimeion the top slabit is
important to note thahe imagegresentracks athe ultimate on the top slab bthe purpose of

the figure is to exemplify the distinct spacing betwdactracksand the overall cracking pattern
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Figure 4-15. Control Specimen Top Slab Cracking Patte

When the cantilever specimen was unloaded back to zero, i.e., at end of the load cycle, the cracks
closedup. Similarly, postservice(85 kN), top slab cracks were present in the tension region of

the cantilever. Howeveunsurprisingly more cracks werpresentand therange of crack vdths
measured from 0.05 mm to 0.25 napproximately When the cantilever specimen was unloaded
back to zero, i.e., at the end of the lagdle, the crackglosedup. The loaddeflection curve and

the seel tendorioad-strain curve for the control speciman theserviceload are portragd in

Figures 416 and 417 respectively
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