GFRP DOWEL BARS FOR CONCRETE PAVEMENT

by

Susan L. Grieef

A Thesis
Submitted to the Faculty of Graduate Studies
in Partial Fulfilment of the Requirements
for the Degree of

MASTER OF SCIENCE

Department of Civil & Geological Engineering
University of Manitoba
Winnipeg, Manitoba

© Copyright by Susan Louise Grieef 1996



National Lib
Bl G

Acquisitions and

Bibliothéque nationale
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

395 Wellington Street
Ottawa, Ontario
K1A ON4 K1A ON4

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

395, rue Wellington
Ottawa (Ontario)

Your file Voltre référence

Our file  Notre rétérence

L’auteur a accordé une licence
irrévocable et non exclusive
permettant a la Bibliotheque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa thése
de quelque maniére et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
these a la disposition des
personnes intéressées.

L’auteur conserve la propriété du
droit d’auteur qui protege sa
thése. Ni la theése ni des extraits
substantiels de celle-ci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-612-13156-4

i+l

Canada



Name

Dissertation Abstracts International and Masters Absiracts International are arranged by broad, general subject categories.
Please select the one subject which most nearly describes the content of your dissertation or thesis. Enter the corresponding
four-digit code in the spaces provided.

Crvie EMNGInEERING olsl43 UMI
SUBJECT TERM SUBJECT CODE
Subject Categories
THE HUMANITIES AND SOCIAL SCIENCES
COMMUNICATIONS AND THE ARTS PHILOSOPHY, RELIGION AND Andient
Architecture .........ceeerecreressrrnenns 0729 THEOLOGY Mediava
ArtHistory .......cueeecunemsnsssonaeans 0377 ilosophy Modem ...
Dq 0 Rell ion Bld.Ck .......
nce 0378 Alfrican
Fine AfS ocveecrreecrrenservanineens 0357 Rl Asia, A
Information Science 0723 d Canadian .....cceesiveeneconne. 0334
JOUMGLISM c.vecvreeerrnerirerensenasenns 0391 Hi Evropean ........ ..0335
Sci 0399 Phi Latin American ... ..0336
Mass G 0708 Theol Middle Eastem ... ..0333
Music 0413 United States ... ..0337
h G ication 0459 SOCIAL SCIENCES E’i:tory of Science .....ueevurun.. (o)ggg
I.ANGUAGE, LITERATURE AND American Studies ............ou...... 0323 Political Sciance
LINGUISTICS
Lo
=2 N 0679
ﬁnaeﬂ{] g%gg
0273 nguistics . "
gilit_)guol and Multicultural ......... 0282 mwmd:m srnmenens s e 0291
s i ol o8 Goneral ..0401
Curriculum and Instrucion .-.....0727 Gassica 9254 Demograr 0538
Early Childhood ..0 Ethnic and lz;cial Studies .....0631
Individual and Family
Studies ...o.eereiiereenne 0628
Industrial and Labor

THE SCIENCES AND ENGINEERING

BIOLOGICAL SCIENCES
Agriculture
Generdl ......ecevenrnineinnnn 0473
AGIonomy .....ccccssreemssmserens 0285
Animal Culture and
NUIHON ...covcereererneenrenenes 0475
Animal P . .0476
Food Science and
Technokogy ... 0359

Fol Io:mgy wil

VYeterinary Science.
8 K)PZ}x\oology .............................. 0472
1=
e R 0786
Medical .....coorrruurrrrresreriennens 0760
EARTH SCIENCES
Bi PSHY ooversenersnssansensen 0425

Goond

Palececology ..
Paleontology .
Palooz

Palynology ......
Physical :
Physical Ocosnagraphy .
HEALTH AND ENVIRONMENTAL
SCIENCES

Environmental Sciences ............. 0768
Health Sciences

Theary
g)gcre i 0322
FQPRY cereeeirtinssrccessorssnnranan 03
SNGIORY e 0381
History
General ...cevveeeerceeresenene. 0578

emistry

General ....cvoreenereeecennne 0485
Agricultural L0749
Analytical ...... .0484
Biochemistry .0487
Inorganic .... ..0488
Nuclear .. ..0738
Organic...... .
Pharmmaceutical ...

Elementary Particles a

High Energy ...........
Flvid and Plasma
Molecul

. Solid State ...
Applied Sciences

Applied Mechanics .................. 0346
Computer SCIonte ......oveserernnns 0984

Relations
Public and Social Weltare ....0630
Social Strudure a

Devolopment .................. 0700
Theory and Methods .0344
Transportaion ......cec.comvreenennne.
Urban and Regional Planning ....0999
Women's Studies ..........covumnee... 0453

o1V IO, 'eer. 0543
Electronics and Electrical ......0544
Heat and Thermodynamics ... 0348
Hydraulic
Industrial ...

Marine .............

PSYCHOLOGY
al 0621
Behavioral oo oorooroos e 0384




Nom

Dissertation Abstracts Infernational est organisé en catégories de sujets. Veuillez s.v.p. choisir le sujet qui décrit le mieux voire
thése et inscrivez le code numérique approprié dans 'espace réservé ci-dessous.

LLLL] UMI

Catégories par sujets

SUJET

HUMANITES ET SCIENCES SOCIALES

COMMUNICATIONS ET LES .ARTSD

Architecture .

Beaux-orts ...

Bibliothéconomie . (399
Cindma .....ocoevene L0900
Communication verbale .. .0459
Communications ..... 0708
Danse .....cc.o..... .0378

Histoire de 'art .
Journalisme ..
Musique ...
Sciences
Thédtre ..o

EDUCATION
Géngralités ..o 515
Administration ..

Colléges communautaires .
Commerce .......oocovvnennnn. ....0488
Economie domestique ..
Education permanente .
Educalion préscclaire ..
Educalion senitaire ...
Enseignement agricole ...............0517
Enseignement bilingue et

muficulturel ...
Enseignement indusriel
Enseignement primaire. ......
Enseignement professionne!
Enseignement religieux .......
Enseignement secondaire
Enseignement spécial .....
Enseignement supérieur ..
Evaluation
Finances .....
Formation des enseigna
Histoire de |'éducation .
Langues et litérature ...

SCIENCES

SCIENCES BIOLOGIQUES

Agriculture
Générahités ... 0473
Agronomie. ..., 0285
Alimentation et technologie

alimentaire ... 359

Colture ...
Elevage et alimentotion ........0475

Exploitation des péturages ...0777
Pathologie animale ...0
Pathologie végélcle ...
Physiologie vé?étale .
SyKrEcuhwe et faune ....o......
Technologie du bois..............

Biclogie
Généralités ..
Analomie.....
Biologie (Stalisliques) .

Biclogie moléculaire .. L0307
Botanigue .......... . 0309
Cellule ... ..0379
Ecologie .. ..0329
Entomologie . ..0353
Génétique ... 0369
Limnclogie ... 0793
Microbiologie 0410
Neurologie .. L0317
Océanograph 0414
Physiologie .. ..0433
Rediation ............ ..0821
Science véférinaire . ..0778
- %}oo!og'[e..........,....,..........A..0472
tophysigue
png(icfilés ......................... 0784
Medicale ..o 0760
SCIENCES DE LA TERRE
Biogéochimie .........co.ccooeoo.. 0425
Géochimie... ...09%96
Gécdésie ............ ...0370
Géographie physique............... 0368

ET INGENIERI

lecfure .vovvvvveieiveciiiie ... 0535
Mathématiques .
Musique ...
Crientation et consultation .

Philosophie de 'éducation ......... 0998
Physique .....ovov oo 0523
Programmes d’études el

enseignement _..................... 0727
Psycholegie ..... 0525

Sciences sociales .
Sociologie de I'ed
Technologie ...............

LANGUE, {ITTERATURE ET
LINGUISTIQUE
langues
énéralités .............o...........067%
Anciennes ..
Linguistique
M g emgs ...........................
Liérature
Généralités ... . (401
Anciennes L0294
Comparée .. 0295
Mediévole ... 0297
Moderne . .0298
Africaine .... .03ié
Américaine . L0591
Anglaise ... 0593
Asictique ... .0305

Canadienne [Anglaise)
Canadienne (Frangaise)
Germaaique ............
Latino-oméricaine ..
Moyen-orientale .
Romaone ..........

Slave et est-européenne .......0314
Géclogie ... e 0372
Géophysique . .0373
,Izizdrologie .0388
Oinéralogie : . 83} ;

céanographie physique .
?o!éobg?onf{;ue p 7 .0345
Paléoscologie ... .0426
Pajéontologie ... .0418
Paléozoologie 0985
Palynologie ......ccovurvrennnn... 0427
SCIENCES DE LA SANTE ET DE
L’ENVIRONNEMENT
Economie domeslique ................ 0386
Sciences de I'envircnnement ......0768
Sciences de lo sonlé

Geénéralités ..o 0566

Administration des hipitaux .. 07469

Alimentation et nutrition ...... 0570

Audiologie .........................0300

Chimiothérapie

Dentisterie

Deéveloppement humain

Enseignement ............

Immunclogie ...

Loisirs ...

Médecine du travail et

HhErapie ..o 0354

Médecine et chirurgie ..........0564

Obstétrique ef gynécologie ... 0380

Cphtalmelogie ............5......038]

Orthephonie ... ..0460

Pathologie .. 0571

Pharmecie ... ..0572

Phormacologie . 0419

Physiothérapie .0382

Radiolegie ... 0574

Santé mentcle . 0347

Santé publique 0573

Soins mfirmiers
Toxicologie —...vovirierieeenane.

PHILOSOPHIE, RELIGION €T
THEOLOGIE

Philosophie ..o
Religion
enéralités ..o,

er
Etudes bibliques ...
Histoire des religions
Philosophie de fa religion

Théologie ..o oroeorreoerro

SCIENCES SOCIALES

Anthropolegie
Archéologie ..., 0324
Culturelle™... .

Physique . .
Droit e
Economie

Générdlités

Commerce-Affaires

Economie agricole ...

Economie du travail ..

Finances ............... .0508
Histoire ... L0509
Théorie ... L0511

Etudes américaines .
Etudes conadiennes .
Etudes feministes ..

Folklore ... .0358
Géographie .. 10366
Geérontologie ...

Gestion des alfaires

Générolités ... .0310
Administration 0454
Bongues .. .0770
Comptahilité .. 0272
Markeling ............... .0338
Hisloire
Histoire générale ...............0578
SCIENCES PHYSIQUES
Sciences Pures
imie
Genérolités ...
Biochimie ........

Chimie agricole ..
Chimie onalyligue .
Chimie mingrale .
Chimie nucléaire ...
Chimie organique ...
Chimie phormaoceutig
Physique ...
PelymCres ..
Radiation ...
Mathématiques ...
Physique
Genéralifés .....c.cocorcnnnnn.
Acoustique ...
Astronomie et
astrophysique ...
Elecironique et éleciricité .....
Fluides et plasma ...

Météorologie . .- 0608
Optlique e 0752
Porticules (Physique

nucléaire) ..................0798

Physique atomique ...
Physique de ['état solide
Physique meléculaire .

Physique nucléaire .. ..0610
Radiation ..... .. 0756
SIatishiqUes ........couerirreeincns 0463
Sciences Appliqués Et
Technologie
Informalique ..o 0984
Ingénierie
Genéralités ...o...ccooveee.... 0537
Agricole ... ...053%
Avtomabile ........c....c.c........ 0540

CODE DE SUJET

ANCIBNNE ..o
tedigvole .
Moderne ..........
Histoire des noirs ..
Atricaine ...
Caonadienne ..
Etals-Unis ..
Européenne ..
Moyen-orientole ...
Latino-américaine ...
Asie, Australie et Océani
Histoire des sciences..........
LOISIrs cvvvviericre e
Pianification urbaine et
régionale ...
Science politique
Généralites ...................0615
Administration publique .......0617
Droit et relations

infernationales ................ 0616
Sociclogie
Généralités ... ....0626

Adde el bien-dtre sociol ........ 0630
Criminologie ef

élablissements

énitenliﬁires ................... 0627

Démographie ...
Etudesgdeﬁ’ individu et

delafamille ... 0628
Etudes des relations

interethniques ef

des relations racicles ........0631
Structure et développement
social oo 0700
Théorie ef méthodes. ............ 0344
Travail et relations
industrielles ................... 0629
Transports ........ 0709

0452

Travail social

Biomédicale ..o
Chaleur et ther
modynamique .................
Condilionnement
{Emballage) ...
Geénie agrospatial ..
Génie chimique ..
Génie civil ..o
Génie électronique et
éleclrigue ...,
Génie industriel ..
Génie méconique ..
Génie nucléaire ........
Ingénierie des systimes .
Mécanique navale ...
Métallurgie ..............
Science des motériaux ..
Technigue du péirole
Technique miniére ...
Technigges sanitaires
municipales......................
Technologie hydraulique ......0545
Mécanique appliquée
Géotechnologie ........c.cococone
Maliéres plastiques

{Technologie) .................. 0795
Recherche opérationnelle ........... 0796
Texlies et fissus (Technologie) ....0794
PSYCHOLOGIE
Généralités ...

Personnalilé
Psychobiclogie ...
Psychelogie clinique
Psychologie du comportement .. (384
Psychologie du développement ..0620
Psychologie expérimentale .........0623
Psychologie industrielle .......
Psychologie physiologique ..
Psychologie sociale ......
Psychomélrie .........ccoo.cccnnnn... 0632




THE UNIVERSITY OF MANITOBA
FACUTY OF GRADUATE STUDIES

COPYRIGHT PERMISSION

GFRP DOWEL BARS FOR CONCRETE PAVEMENT

BY

SUSAN L. GRIEEF

A Thesis/Practicum submitted to the Faculty of Graduate Studies of the University of Manitoba in partial
fulfillment of the requirements for the degree of

MASTER OF SCIENCE

© 1996

Permission has been granted to the LIBRARY OF THE UNIVERSITY OF MANITOBA to lend or sell copies
of this thesis/practicum, to the NATIONAL LIBRARY OF CANADA to microfilm this thesis/practicum and
to lend or sell copies of the film, and to UNIVERSITY MICROFILMS INC. to publish an abstract of this
thesis/practicum..

This reproduction or copy of this thesis has been made available by authority of the copyright owner solely
for the purpose of private study and research, and may only be reproduced and copied as permitted by
copyright laws or with express written authorization from the copyright owner.



ABSTRACT

Traditionally, plain steel or epoxy-coated steel has been used for dowel bars in
concrete pavements. However, problems arising from corrosion of the steel have prompted
recent investigations into alternative dowel materials. This thesis presents the results of an
experimental program that was undertaken to determine the feasibility of using Isorod, a glass
fiber reinforced plastic, as dowels in concrete pavements. A total of eight push-off specimens
were tested with either steel or Isorod dowels that were either partially bonded or not bonded
to the concrete. The tested specimens were designed to apply a pure shear load to the dowels
to determine their behaviour and strength.

The results revealed that the dowels of all the specimens exhibited a kinking action,
however, this occurred at significantly lower loads for the Isorod dowels than for the steel
dowels. The Isorod dowels were not as stiff as the steel dowels iﬁ the pre-kinking stage and
also experienced a decrease in load-carrying capacity after kinking began, which was contrary
to the steel dowel behaviour. As well, the Isorod dowels split longitudinally as kinking
commenced and later experienced a complete failure as the dowels sheared off at the concrete
face.

From the models available for predicting the kinking strength of the dowels, the model
that treated the embedded portion of the dowel as a beam on an elastic foundation gave
accurate predictions. However, it was found that the kinking strength of the Isorod dowels
was dependent on the tensile strength of the resin used in the composite and not the tensile

strength of the composite itself. Using the dowel strength obtained from testing, the Isorod



R

dowel diameter required in an actual pavement was found to be significantly larger than that
required for steel dowels.

The other aspect of this feasibility study that was investigated was a-life-cycle cost
comparison of five alternative dowel materials: plain steel, epoxy-coated steel, stainless steel,
Isorod and C-bar. The most cost-'eﬁ‘ective dowel material was plain steel. Epoxy-coated
steel dowels were slightly more expensive than the plain steel dowels. This was the result of
the majority of the dowels being replaced due to factors other than those related to corrosion
of the steel. The costs of Isorod, C-bar and stainless steel dowels were much too high to

consider them as viable alternatives.

it
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CHAPTER 1

INTRODUCTION

1.1 GENERAL INFORMATION

In concrete pavements, dowel bars are used to transfer load from one slab to an
adjoining slab across a joint. Dowel bars are typically smooth bars placed at mid-depth of the
slab and they transfer the load without restricting horizontal movement of the joint, dug to
expansion and/or contraction. The bars provide horizontal and vertical alignment of the slabs,
decrease slab deflection, lower concrete stress and also reduce the possibility of cracking,
faulting and pumping of thebpavement.l

Traditionally, dowels are made of mild steel and are normally 32 mm to 38 mm (14"
to 12") in diameter, 450 mm (18") long and spaced at 300 mm (12") on centre along the
length of the transverse joint.> Since the dowels cross a joint exposed to environmental
conditions, the dowels usually experience some corrosion, particularly in environments such
as those encountered in Manitoba where salts are used for de-icing roads and highways in the
winter. This corrosion restricts movement of the slab due to restricted movement of the
dowel within the concrete as a resﬁlt of expansion due to corrosion. This phenomenon is
known as 'freezing' or 'binding' of the dowel. This behaviour can induce serious stresses in
the concrete, causing cracking and chipping of the concrete at the joint locations. The
corrosion may also cause failure of the dowels, leading to cracking of the concrete as well as
excessive slab deflections under load resulting in a rough riding surface. Corrosion can also

lead to premature failure of the joint with the result that more frequent repairs are needed.



To minimize the problem caused by corrosion, epoxy coated reinforcement is
currently used. However, the effectiveness of the coating is highly dependent on whether it
remains intact. The epoxy can chip off during placing and/or with wear during service. This
can trigger the corrosion process and initiate the same problems discussed above.

Fiber reinforced plastic (FRP) presents a possible solution to this traditional problem
as it has non-corrosive characteristics and may be applicable in the same fashion as normal
reinforcement. However, since this is a relatively new material with completely different
properties from steel, it is the purpose of this research to evaluate its behaviour and
performance as compared to steel. FRP reinforcement consists of fibers which are oriented
unidirectionally along the length of the reinforcement. Since the dowels will be loaded
perpendicular to the fibers, their behaviour is unknown and it may be quite different than that

of steel reinforcement,

1.2 OBJECTIVE

The main objective of this research was to examine the feasibility of using FRP dowels
for concrete pavements. The proposed material was a glass fiber reinforced plastic (GFRP)
dowel. The commercial name is Isorod which is produced by Pultrall Inc. in Thetford Mines,
Québec. The main performance criteria which were evaluated were the load-displacement
behaviour, the ultimate failure load and the mode of failure.

To achieve these objectives, specially designed tests were performed that subject the
dowels to shear loading conditions equivalent to what could be induced in concrete pavement

joints. Specially designed specimens were tested to induce pure shear conditions in the



dowels. Some of the specimens were reinforced with steel dowels. They were used as

control specimens and provided a comparison to the behaviour of FRP dowels.

1.3 SCOPE

The experimental program consisted of testing push-off specimens to determine the
behaviour and strength of the FRP dowels in pure shear as compared to that of steel. A
review of the literature applicable to this experimental program is presented in Chapter 2.
Detailed information of the test specimens and test setup are given in Chapter 3.

The results of these tests are presented in Chapter 4, while Chapter 5 contains an
analysis and comparison of the behaviour of the specimens which determines whether the
Isorod dowels perform similarly to the steel dowels. Then, design recommendations are made
in Chapter 6 as to a method of strength prediction, as well as the diameter and length of
Isorod dowel required for actual pavement thicknesses. The research program also includes
a life-cycle cost comparison of alternatives to plain steel dowels such as epoxy-coated steel,

stainless steel and Isorod dowels presented in Chapter 7.



CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

This chapter contains a review of the literature relevant to this experimental program.
The following sections discuss the methods available to resist shear loads, as well as the types
of joints used in concrete pavements. The model used in the experimental program to
simulate the behaviour of the dowels is also presented.

When concrete is used for pavement, cracking of the slab can be caused by several
factors such as shrinkage during curing, temperature, moisture changes, subbase friction and
traffic loadings.! In order to control the location and geometry of the cracks, joints are
incorporated into the pavement. These joints act as inherent planes of weakness where cracks
will occur, thereby preventing random cracking. Héwever, design of the joint requires that
a portion of a wheel load must be transferred across the transverse joint to the adjacent slab.
Load transfer is typically accomplished by two mechanisms which can occur in a cracked or

jointed slab: aggregate interlock and dowel action.

2.2 AGGREGATE INTERLOCK

Roughness of the concrete surface at a crack, which normally causes the aggregate
to protrude, provides resistance to applied shear loads known as aggregate interlock. The
resistance is provided through rubbing of the aggregates against one another along the crack

interface. However, this mechanism occurs only when there is contact between the two rough



surfaces of the joint. Therefore, aggregate interlock becomes ineffective in large joint
openings, which occur when the slabs contract significantly.

The shearing resistance due to aggregate interlock can be calculated, in the presence
of dowels, using the shear friction theory as presented by both Birkeland® and Mast*. This
theory relates the friction force developed along the cracked surface to the tensile force
developed in a steel dowel crossing the crack. As slip occurs along the rough shear plane,
the two faces are forced apart due to the protruding aggregate. This separation creates a
tensile force in the dowel bar if it is bonded to the concrete. In turn, a compressive force is
created in the concrete in equilibrium with the tensile force and it pushes the two faces back
together.® This maintains a frictional resistance to slipping which resists the applied shear, as
shown in Figure 2.1.

If the shear plane is under-reinforced, which is normally the case, the steel bars will
eventually reach their yield point, f;. Therefore, the tension force is equivalent to Af,, where
A is the total area of steel crossing the shear plane. As a result, the compressive force, which
opposes the tensile force and pushés the faces together, is equal in magnitude to this tensile
force. Therefore, the shear force, which is normal to the compressive force, can be calculated
as the product of the compressive force and a coefficient of friction, p, for concrete. The

shear resistance can be estimated as:®
I/'c = U Asf; (2 1)

The above represents the resistance of the concrete only. The total shear resistance is

typically a combination of aggregate interlock and dowel action of the bar.



2.3 DOWEL ACTION

Dowel action is the second mechanism which provides resistance to the applied shear
forces when dowel bars are provided across a joint. As the two concrete slabs move relative
to one another, the dowels are subje;:ted to a shearing action, which is commonly referred to
as dowel action. The following sub-sections describe two different methods available to
predict the amount of shear which can be resisted by the dowels. The first method is
concerned with the behaviour of the portion of the dowel within the joint, while the second

method deals with the behaviour of the portion of the dowel embedded in the concrete.

2.3.1 Dowel Action Mechanism

This method, which focusses on the dowel within the joint, assumes that the shear
resistance of the dowels is dependent on the specific dowel action mechanism that develops
and is a function of the total area of the bars crossing the joint.” Three different mechanisms
can occur for steel dowels, and they are dependent on the joint width. These mechanisms are:
kinking of the dowel, shear resistance of the bar and flexure of the dowel bar. Normally,
shear and kinking mechanisms are the principal ones which occur. The three mechanisms are
illustrated in Figure 2.2, which includes the following corresponding equations to evaluate

each mechanism:

Flexure Mechanism V,=s ——= 2.2)

Shear Mechanism V, =

2.3)



Kinking Mechanism V= AJ, cos 0 (2.4)

where A, is the area of the dowel crossing the joint, d, is the diameter of the dowel, f, is the
yield strength of the steel dowel, 1 is the joint width and © is the kinking angle. These
equations can be used only if the bars are not subjected to tensile forces.® In cases of
combined shear and tensile loads, the shear strength will be less than the values predicted by

the preceding equations.

2.3.2 Ultimate Strength of the Dowel

This theory states that the ultimate strength can be predicted based upon the beam on
an elastic foundation theory using the portion of the dowel embedded in the concrete.” The
theory was developed for steel dowels which were subjected to pure shear, with the dowel
being modelled as a beam on an elastic foundation. The dowel bar is subjected to a shear
force, D, at the concrete face and an axial force, T, along the length of the bar which has an
angle a to the loading plane, as shown in Figure 2.3. This figure also shows the bearing
stress distribution along the dowel as well as its bending moment distribution. A
simplification of the applied loading and stress distribution is also shown to simulate the
failure condition. The simplification assumes that the concrete is crushed to a distance, c,

from the concrete face. The crushed zone can be evaluated using the following equation:'°

0.05f.d
c = ———hsin o 2.5)
e ‘

where £' is the compressive strength of the concrete.



From the end of the crushed zone to a distance y within the concrete along the bar,
which is where the maximum bending moment occurs, the bearing stress is assumed to be
equivalent to the bearing strength of the concrete. According to this theory, the distance ¥

can be calculated using the following equation:

‘I (2.6)

where E, is the modulus of elasticity of the steel dowel, I is the moment of inertia of the steel
dowel and K is the elastic foundation stiffness, which is a function of the concrete foundation

modulus, K;, as follows:

~
0

K,d, 2.7

The typical value of K, is approximately 10° psi/in (271.7 MPa/mm). The concrete foundation
modulus is a constant for a given system and it depends on the concrete, the dowel material
and diameter."

The bearing strength of the concrete, f;, can be calculated using the following

equations:

154 \/}Z

——  forfinpsi and d, ininches

3
d

| o

37.6 == for f'in MPa and d, in mm

These equations were obtained from a regressional analysis performed on results of tests




which measured the bearing strength of concrete at the instant of split cracking.’
For steel dowels, the bar is assumed to fail when the moment within the dowel reaches
the plastic moment, Mp. This can be approximated for a round bar subjected to an axial

force, T, as follows:

YA [1 - ﬁ] (2.9)

(2.10)

M
"
<

Using these equations and the equilibrium equation of forces at a distance %, the
expression given below can be obtained to predict the ultimate load, D, which the dowel bars

can resist, as follows:®

0.45 1. d, 2
D, =05£(037yd,~c) + -—ﬁ[ 1- T—J

(2.11)

where y =

K, d,

The basic theory of an infinitely long beam on an elastic foundation was originally
derived by Timoshenko'? and later applied to the specific case of a finite length dowel within
concrete by Friberg.”® For this specific case, Friberg developed a relationship to calculate the

points along the dowel where there is a change in the direction of the pressure exerted on the



concrete. These points, L, can be calculated using the following equation:

+
tn pI - 2+P1
B!
. (2.12)
K. d,
where B =
4E.1

where 53 is a constant for a given system and | is the joint width. Friberg also concluded that
the length of a dowel need not be larger than the second point of pressure change on each side

of the joint.

2.4 TRANSVERSE JOINT TYPES
There are three standard types of transverse joints used in concrete pavements. They
are the contraction joint, the construction joint and the isolation or expansion joint. Their use,

construction and method of shearing resistance are explained in the following sub-sections.

2.4.1 Contraction Joints

Contraction joints are the most commonly used joint in concrete pavements and they
are normally placed at every 5 to 6 m (18 to 20 feet) to permit movement of the slabs. The
joints are crossed by a row of dowéls which have been set up on 'baskets' or 'chairs' to hold
them in place and at the proper elevation. The dowels are greased and the concrete is then
cast. The greasing of the bar prevents the concrete from bonding and consequently allows
movement of the slab. Once the concrete has set, a saw is used to cut approximately one

third of the concrete thickness above the centre of the row of dowels.! This creates a plane
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of weakness where the crack will form due to shrinkage of the concrete during curing. The
crack allows dowel action to take place, and since the crack faces are rough, as shown in

Figure 2.4(a), aggregate interlock will also be effective in resisting shear.

2.4.2 Construction Joints

Construction joints are made at the end of a day's work or when an unforseen
interruption in casting occurs. Where the concrete stops, a board is put up to hold the
concrete in place while it sets and the dowels are inserted into the concrete through pre-
drilled holes in the board. Before casting begins again, the board is removed and the free end
of the dowel is greased.!

For this type of joint, the greasing of one end still allows some slab movement even
though the other end is bonded to the concrete. Since the board creates a relatively smooth
surface, as shown in Figure 2.4(b), aggregate interlock becomes ineffective across the joint.

Therefore, only dowel action can be used to develop the shear resistance.

2.4.3 Isolation or Expansion foints

Isolation or expansion joints are used to sepa?ate a pavement from another structure,
such as a bridge or manhole. They can also be used at large intersections where a lane meets
the large expanse of concrete, as the intersection will have differing amounts and directions
of expansion than the lane. The joint is usually 12 mm to 25 mm (4" to 1") wide with a filler
in the space. The bars are set up similarly to those at contraction joints and the filler is placed

at the centre of the joint. However, in this case only one half of the bar is greased, so that

11



after casting, only one half of the bar is bonded to the concrete. As shown in Figure 2.4(c),
the greased end is also fitted with an-expansion cap to allow movement of the slab.! Like the
construction joint, the load will be resisted by the dowel action only. However, because the
joint space is larger, the dowel action may be developed by a different mechanism than that

for the other types of joints.

2.5 PROPOSED TEST MODEL

As the main objective of this research focuses on the behaviour of the dowels, the test
model is designed to eliminate aggregate interlock components for shear resistance across the
joints. The model reflects the actual method used to set the dowels in the field. For the three
types of joints described, there are essentially only two dowel configurations which need to
be modelled. The first is the case of .the contraction joint, where the bar is not bonded to the
concrete at all. The second configuration applies to the other two joint types, where one half
of the bar is bonded to the concrete and the other half is not. Since the dowels are not
bonded to the concrete or are only partially bonded, the test model is different from those
which have been tested and recorded in the literature. Due to the lack of aggregate interlock
and the lack of bond between the dowel and the concrete, the shear friction theory cannot be
used to predict the shear strength of the proposed specimens. Lack of bond also affects the
equations for dowel action given in Equations 2.2 to 2.4. The lack of bond may also affect
the predicted values from Equation 2.11. Therefore, the actual shear strength obtained from

the test may differ from the values predicted by the equations available in the literature.
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CHAPTER 3

EXPERIMENTAL PROGRAM

3.1 INTRODUCTION

This chapter reviews the experimental program conducted to determine the shear
properties and behaviour of dowels in concrete pavements. A description of the specimens
and their construction and the materials used, as well as the testing procedure and the
instrumentation used on the specimens is included.

The experimental program conducted at the Structural Enéineering and Construction
Research and Development Facility of the University of Manitoba consisted of investigating
the behaviour of dowels in pure shear, which involved testing push-off test specimens. A
typical push-off test specimen consisted of two 'L'-shaped concrete panels, with one in an
inverted configuration, that were connected together at a joint with dowel bars, as shown in
Figure 3.1. The two panels were loaded in compression at the ends to induce a pure shear
loading condition at the joint. The test specimen was designed to simulate the typical loading
condition on the dowels similar to Fhose in the field at the concrete pavement joints.

The specimens were loaded to failure to determine the mode of failure and ultimate
strength of the dowels, as well as the Ioad-deﬂeétion relationship under service loading
conditions that are typically experienced in concrete pavement joints. The various parameters
considered in this investigation were the material of tile dowels and the degree of bonding of
the dowel bar to the concrete. A total of eight specimens were tested. Four specimens used

steel dowels and the other four had Isorod dowels. For each material, two specimens had
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dowels partially bonded to the concrete and two specimens included non-bonded dowels.
The test program is described in Table 3.1. The specimen notation used was composed of
two letters designating the dowel material (ST for steel or IS for Isorod), a letter designating
the degree of bonding (N for no bonding on either side of the dowel or P for bonding on one
side of the dowel) and finally a number indicating the first or second specimen of that type.
All specimens had two 450 mm long dowels with a diameter of 19 mm, which crossed the

12.7 mm wide joint.

3.2 SPECIMEN DESCRIPTION

Each specimen consisted of two panels connected by two dowels, as shown in Figure
3.1. The specimens had an overall width of 913 mm, an overall height of 975 mm and a
thickness of 250 mm. The dimensions of each panel are given in detail in Figure 3.2, which
also shows the locations of the dowels crossing the joint. Figure 3.3 shows the location of
the dowels with respect to the specimen and the stirrups used for reinforcement. The

locations of the dowels were selected to avoid contact with the surrounding stirrups.

3.3 MATERIALS
3.3.1 Concrete

Each specimen was made with concrete supplied from a local ready-mix concrete
company. The concrete was to have a nominal compressive strength of 40 MPa at 28 days
with a maximum aggregate size of 14 mm. A slump of 20 mm was required before the

addition of a superplasticizer. Once the chemicals had been added to improve workability,
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a slump of 180 mm was required, as determined by a standard slump test. At the time of
casting, six cylinders were also cast. Three cylinders were used for determining the modulus
of elasticity of the concrete while the other three were used for determining the compressive
strength at the time of testing. As well, three small Beams were cast to determine the tensile
strength of the concrete.

The compressive strength, modulus of elasticity and tensile strength of the concrete
which were measured at the time of testing are presented in Table 3.2 for all of the tested
specimens. The concrete strength was found to be significantly higher than the specified

nominal strength of 40 MPa.

3.3.2 Reinforcement

Reinforcement was placed in each specimen to allow the concrete to resist the applied
loads without cracking. The same layout of reinforcement was prqvided for each panel. The
steel reinforcement had a nominal specified yield strength of 400 MPa and a modulus of
elasticity of approximately 200 GPa. The 10M size of deformed reinforcing bars were used
to reinforce the panels, as shown in Figure 3.4. Detailed dimensions of the three types of
reinforcing used are given in Figures 3.5 and 3.6. The actual stress-strain curve for the steel,
shown in Figure 3.7, was obtained from tensile tests performed on lengths of the reinforcing
bar. Results showed that the actual yield strength averaged 435 MPa with a standard

deviation of 4.1 MPa, a strain at yield of 0.246% and a modulus of elasticity of 176.8 GPa.
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3.3.3 Dowels

The dowels used in this program were similar to the actual dowels used in practice,
but had smaller diameters to accommodate laboratory testing. Two 19.1 mm (34") diameter
dowels, that were 450 mm long, crossed the joint. The steel dowels were made of 44W steel,
that consisted of plain round bars with a yield strength of approximately 360 MPa and a
modulus of elasticity of approximately 200 GPa. From the tension tests that were performed
on samples of the steel used for the dowels, the yield strength was calculated to be 356.5 MPa
with a standard deviation of 2.9 MP4, a yield strain of 0.182% and a modulus of elasticity of
199 GPa, as seen in Figure 3.8.

The glass fiber reinforced plastic rod (Isorod) consists of continuous longitudinal
strands of glass fibers which are bound together with a thermosetting polyester resin in a
process called pultrusion. Normally, a helical winding of the same type of fibers is applied
to the surface with a resin, and a coating of sand is then added to improve bond. This
produces a material similar in appearance to deformed steel reinforcement. However, the rod
that is used for dowels does not have the additional wrapping or sand coating so that the rod
has a smooth surface.

According to the data suppl@ed by the manufacturer,' which is based on information
obtained from material testing, the stress-strain characteristics of this and other fiber
reinforced plastics (FRPs), are perfectly linear up to failure. For Isorod, failure occurs at an
ultimate tensile strength of 690 MPa and at an ultimate strain of 1.8%. Isorod has a tensile
modulus of elasticity of 42 GPa and a Poisson's ratio' of 0.28. The results of punching shear

tests show that Isorod has a punching shear strength of 184 MPa. Like all other FRPs, Isorod
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is non-corrosive and non-electromagnetic. However, the resin may show signs of breakdown
if there is prolonged exposure to ultra-violet light."® It has a specific gravity of 2.0 which is
approximately 25% that of steel. Ij"rom preliminary fatigue tests that have been performed,
it has been found that Isorod can withstand slightly fewer cycles than steel bars at higher
upper limits.'® However, the manufacturer is considering using a different resin in the material
which should improve the fatigue endurance. As the fibers within the bar are oriented only
longitudinally, the material behaves anisotropically. Tile effect of this can be seen in the large
variation of the longitudinal and transverse coefficients of thermal expansion, which are 9.0
x 10%°C and 52.9 x 10¥/°C, respectively. The longitudinal coefficient of thermal expansion
of Isorod is much closer to that of concrete than is the coefficient of expansion of steel.

In order to determine the properties of the Isorod used for the dowels, tension tests
were performed. However, standard tension tests that are used for steel could not be used
for FRP materials, as the anchorage grips used in the tests cut into the Isorod specimen and
caused it to fail prematurely in the anchorage. Therefore, a method of testing smooth Isorod
bars was developed at the Université de Sherbrooke in Sherbrooke, Québec. The 500 mm
long sample to be tested was prepared by lightly sandblasting 150 mm of each end to roughen
the surface. The roughened ends were then encased in a resin (West System Epoxy Resin 105
with Hardener 205). Once the resin had set and cured, each end of the sample was inserted
into a grip that was placed into a conical coupler, as shown in Figure 3.9. This coupler was
used to apply load to the specimen and acted as an adaptor to allow for mounting of the

specimen into a testing machine.
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Tension tests were done on three samples of 19.1 mm diameter Isorod to determine
the actual behaviour. Failure occurred at or near the anchorage in all of the tests. A typical
failure is shown in Figure 3.10, which shows the test setup as well as the brittle failure of the
material. The ultimate tensile strength, modulus of elasticity and strain at ultimate are given
in Table 3.3 for the three samples tested. The results of these tests are also shown in Figure
3.11 which gives an average ultimate tensile strength of 696 MPa at a strain of 1.542% with

an average modulus of elasticity of 43.37 GPa.

3.4 CONSTRUCTION OF THE SPECIMENS

The specimens were cast in the Structural Engineering and Construction Research and
Development Facility at the University of Manitoba. Both panels of a specimen were cast
simultaneously to eliminate possible variation of the concrete strengths in each panel. A
wood form was used for casting the two panels in a horizontal position. Photographs
showing the formwork and the first specimen before and after casting are shown in Figure
3.12.

To create the joint between the panels, 12.7 mm (%2") thick styrofoam was used. The
bottom fit in a groove routered into the plywood base and the top ends were attached to the
form through a 2x4 cap. Before each casting, the forms were cleaned, reassembled and
lubricated. Then the reinforcement, which had been tied into cages, was positioned in the
forms on plastic chairs that provided a 20 mm concrete cover for the specimen. The dowels
were then inserted through holes in the styrofoam and tied in place to prevent shifting during

casting. Then, one or both halves of the dowels were oiled to prevent bonding.
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Once the concrete was placed in the forms and consolidated with a hand-held vibrator,
the surface of the specimen was trowelled to give a smoother surface. Then, lifting inserts
were positioned at the locations shown in Figure 3.13. The inserts were later used to attach
a temporary strongback designed to hold the panels in place during transportation and
preparation for testing. Then, a plastic tarp was placed over the specimens to assist in
keeping the concrete moist during drying and curing. The specimens remained under the
tarps for three days and water was periodically added to the surface if it became too dry. The
tarp was taken off, the sides of the form were removed and the specimens were allowed to
air cure for a minimum of four more days before they were moved off the form bases and

allowed to air cure in the laboratory for a minimum of 28 days before testing.

3.5 INSTRUMENTATION

During testing, several types of instrumentation were used to monitor and record the
behaviour of the specimen. The following sub-sections describe the instrumentation used to
measure strains, displacements and load, as well as the computer system used to record the

information obtained.

3.5.1 Strain Measurements

Electrical resistance strain gauges were used to measure the strains that occurred in
the dowel bars. The gauges used were N11-FA-5-120-11, which were manufactured by
SHOWA Measuring Instruments Co. Ltd. of Japan. They were 10 mm long and had a 120

ohm resistance. The installation followed the standard set by the manufacturer, where the

19



surface was cleaned, the strain gauge was glued to the dowel, the lead wires of the strain
gauge were connected to a cable and then coatings were applied to the strain gauge and lead

wires to protect them from moisture during casting.

3.5.2 Displacement Measurements

The displacement of the panels during testing was measured using two types of
devices: linear variable differential transducers (LVDTs) and demec points. All were
mounted on the top surface of the specimen and were used to measure the displacement in
the direction of applied loading as well as any possible lateral movements of the panels. Two
LVDTs were used to measure the displacement of the panels in the direction of the applied
load at the locations of the dowels. One LVDT was placed across the joint and at the
centerline of the panels to measure any lateral movements of the two panels. Demec points
were used as a means of verifying the LVDT readings. Sets of demec points were placed
across the angled spaces at the ends of the panels to measure displacement. An additional set
was placed near the centerline of the panels to verify lateral displacement. The locations of

both the LVDTs and the demec points are shown in Figure 3.14.

3.5.3 Testing Machine

An MTS 1000 kN actuator was used to test the specimens. An MTS load cell was
attached to the end of the actuator that measured the load applied to the specimens. The
actuator and load cell were connected to an MTS control panel that controlled and monitored

the load and stroke applied by the actuator. As well, to verify that the load was being resisted
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by the dowels and not by friction of the specimen on its riding surface, an additional load cell

was placed at the far end of the specimen.

3.5.4 Data Acquisition System

A data acquisition system was used to monitor the readings obtained from the
LVDTs, strain gauges, load cell and the load and stroke applied by the actuator. The system
comprised a Hewlett Packard Vectra 386/25 corﬁputer with a Validyne 16 channel data
acquisition board. All data was simultaneously recorded in files and displayed on the screen
in both graphical and numerical forms using a data acquisition sofiware package called
Labtech Notebook (version 7.2.0). All the information recorded during testing was later

transferred to diskettes for further analysis.

3.6 TESTING PROCEDURE

After a specimen had cured sufficiently, it was prepared for testing. The styrofoam
was removed from the joint to allow for visual inspection of the do;zvels during the test. Also,
holes were drilled in the top surface of the specimen to attach the LVDT holders. The
strongback was then attached to the specimen to enable it to be transported to the setup that
was created in order to test the specimens. The test setup is described in the sub-section
below. As well, the sequence that was followed to prepare for testing is explained in this

section.
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3.6.1 Test Setup

The specimens were tested horizontally while resting on a raised platform. The
platform consisted of a layer of cinder blocks which supported a "sandwich" of plywood,
sheet metal and aluminum rollers, as seen in Figure 3.15. The rollers between the sheet metal
provided a smooth, frictionless riding surface that allowed the specimen to move freely as it
was being pushed together, while the plywood provided rigidity to support the specimen. To
allow for each panel to move independently, the rollers crossing the joint were cut in half.
As well, the top layers of sheet metal and plywood were cut to the shape of separate panel
pieces so that movement would not be restricted. The cinder blocks were needed to raise the
specimen so that its mid-height was at the same height as the cerﬁterline of the actuator.

The actuator was attached to a concrete reaction wall at one end, and} applied a load
against the specimen via a load cell at the other end as seen in the plan view of the test setup
shown in Figure 3.16. The actuator was aligned to ensure that the load was applied along the
line of the joint to create pure shear in the dowels. Another load cell was placed between the
far end of the specimen and a steel spacer that rested against an abutment anchored to the
floor. At both ends, the load cells pressed upon steel bearing plates that helped to more
evenly distribute the load on the specimen.

Figures 3.15 and 3.16 show the system devised to restrain the panels from moving
laterally outward during testing. It consisted of a steel plate on each side of the specimen that
had two steel tie ends attached vertically to it, as well as a small steel angle welded on at the
bottom. The small angle was bolted to an anchored hollow structural steel section below it,

that was anchored to the floor. The vertical tie ends, that extended above and below the
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specimen, were then used to hold the specimen together through the use of steel tie rods that
ran across the top and bottom of the specimen. Since movement occurred throughout the test
in the specimen panel upon which the actuator applied load, a set of rollers was inserted
between a steel plate that rested aigainst the side of the specimen and the restraint device
through which the steel tie rods ran. When the nuts on the threaded ends of the tie rods were
tightened, it provided a system that would restrict all lateral movements but would not move

with the specimen during the test.

3.6.2 Testing Sequence

Once the specimen was aligned in the test setup, the steel strongback was removed
and the restraint system was put in place. The LVDTs and demec points were then mounted
on the top concrete surface. The load cell was then placed between the specimen and the
steel spacer. The LVDTs, the strajn gauges, the load cell and the load and stroke from the
actuator were then connected to the data acquisitiqn system and their initial readings were
taken to zero all of the instrumentation. Initial readings were also recorded manually for the
demec points.

The test, which was stroke controlled, was then run and the data acquisition system
recorded all readings except for the demec point readings which were taken manually at 5 kN
increments. The test was stopped when significant displacements had occurred
(approximately 20 mm, the width of the angled space at the joint) or if there was a large drop
in the load-carrying capacity of the specimen. After testing, photographs were taken of the

specimen and of the failed dowel bars in the joint.
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CHAPTER 4

TEST RESULTS

4.1 INTRODUCTION

This chapter presents the results of the specimens tested in the experimental program.
The results include the responses of the specimens obtained from the various types of
instrumentation used during testing. This includes the load measured by the actuator, the load
measured by the end load cell, the two LVDTs and two sets of demec stations used to
measure displacement in the direction of loading, the LVDT and set of demec points that
measured lateral displacement and the strain measured by the strain gauges attached to the

dowel bars.

4.2 TEST RESULTS

A total of eight specimens were tested in the experimental program. The notation of
the specimens are given in section 3.1. Specifications of each specimen are given in Table
3.1. In general, all eight specimens experienced a common kinking behaviour that represents
one of the three possible dowel action mechanisms discussed previously in sub-section 2.3.1
and Figure 2.2. The following sub-sections provide the specific results of the load-
displacement behaviour of each of the tested specimens. The load and displacement where
kinking commenced and the maximum load and corresponding displacement are summarized

in Table 4.1 for all tested specimens.
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Test results indicated that the strain gauges placed on the dowels at the joint did not
provide useful information. This was attributed to the kinking action that occurred at the
location of the gauges causing damage, malfunction of the gauges and meaningless results.
Therefore, the results are not presented.

As described in sub-section 3.5.2, an LVDT and a set of demec points were used to
measure lateral movements of the panels. Configuration of the test setup was designed to
restrict all outward movements of the panels to simulate the prototype pavement behaviour
and the presence of very stiff concrete on either side of a joint. Additional means of
measuring the lateral displacements were used after testing the first specimen. The
measurements were obtained by attaching a strain gauge to one of the top tie rods of the
restraint system. The force exerted in the tie rod for the sevén specimens are given in
Appendix A in Figures Al to A7. Strain gauge readings were converted to force using the
elastic modulus of the tie rod material (E=200 MPa). The results indicated that the forces
exerted in the tie rod were very small, with the largest force having a magnitude in the range
of one to two kiloNewtons. This indicates that the lateral constraint did not exert significant
forces and consequently did not affect the behaviour. It should be noted that the readings of
the strain gauge were not always consistent with that obtained by the LVDT and demec point.
This may be due to the small magnitude of the strains and the accuracy of the strain gauge at
these low values. The load-lateral displacement measurements obtained from the LVDT and
set of demec points from each test are shown in Figures A8 to Al5 of Appendix A.

Although there were some differences between the results of the LVDT and set of

demec points for the eight tests performed, the trend observed was that outward movement
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did not occur in the specimens. The readings of the demec stations indicated that a minor
inward movement took place in all of the specimens prior to kinking and a large inward
movement after kinking began. This movement is due to the pulling action of the dowels that
caused large displacements of the panels toward each other after kinking. It should be noted
that this inward movement is consiciered to be acceptable behaviour for these types of tests
but does not represent the prototype due to the large stiffness and rigidity of the pavements.
Since this movement did not occur in the tests before kinking and normally the dowels will
not kink under load during the serviceability of the pavements, test results of the specimens
are acceptable and represent actual conditions before kinking.

A load cell was placed at the far end of the specimen to monitor the load being
transmitted through the specimen. The measured load applied by the actuator and the load
measured by the end load cell are shown in Figures A16 to A23 of Appendix A. The
insignificant difference between the two values indicates that the roller system used to support
the specimens did not resist significant load and allowed full freedom of movement of one
panel relative to the other. The measured load applied by the actuator was used in load-

displacement graphs, as the differences were minor.

4.2.1 Specimen IS-N-1

This specimen was considered to be the pilot specimen for this program and was used
to check the adequacy of the test setup. The specimen used Isorod dowels that were not
bonded to the concrete on either side. The load was applied using stroke control at a slow

rate of loading to determine the appropriate rates for these types of specimens. The test
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started at a stroke rate of 0.1 mm/min and increased at the stage where large displacement
occurred. The final stroke rate was 0.2 mm/min. Based on this test, it was decided that this
slow stroke rate of 0.1 mm/min is adequate to determine the behaviour before kinking. The
faster rate of 0.2 mm/min or higher was found to be useful to speed up the test and sufficient
to determine the behaviour for the latter part of each test.

The measured load-displacement relationship using two LVDTs in the direction of the
applied load is shown in Figure 4.1. The same displacement measured using the two sets of
demec points is shown in Figure 4.2. Due to the limited range of the demec gauge, the demec
readings were only recorded up to a load of 25 kN. To extend the range of demec readings
for the subsequently tested specimerts, a demec bar was created that incorporated eight points
from which sequential readings could be taken. This demec bar allowed the use of a series
of demec points to continue measuring the displacement as it exceeded the range of the
previous point. Figure 4.3 is an illustration of the demec bar and the multiple ranges that
could be achieved by this device. From this figure, it can be seen that the demec points were
located at a distance that allowed a series of readings to be taken before exceeding the range
of the point at a given range. This system was used to relate the readings from sequential
ranges.

From Figures 4.1 and 4.2, it can be seen that the specimen initially exhibited linear
behaviour up to a load of 30 kN and a displacement of 1.61 mm. Kinking of the dowel
caused a drop in the load to 24 kN and significant displacements occurred at this lower load
level. The load-carrying capacity of the specimen fhen increased to a maximum load of 34

kN before failure occurred and the dowels could no longer carry significant load. The
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maximum displacement measured before failure was 10.3 mm. The specimen was then
removed from the test setup and the panels were separated to examine the failed dowels. It
was noted that the dowels were sheared off at the concrete faces accompanied by a

longitudinal split, as shown in Figure 4.4.

4.2.2 Specimen IS-N-2

This specimen had the same characteristics as the previous specimen with Isorod
dowels that were not bonded to the concrete on either side. The test began at the initial
stroke rate of 0.1 mm/min and was increased to a final rate of 0.4 mm/min. The load-
displacement behaviour obtained from the LVDTs and the demec bars are given in Figures
4.5 and 4.6, respectively. Demec bar readings were recorded throughout the test with the last
reading recorded at 25 kN just prior to the second peak where failure occurred.

The behaviour pattern was almost identical to that of the previous specimen, with
slight differences in the magnitude of the capacity before kinking. The first peak occurred at
aload of 26 kN and displacement of 1.54 mm. The load dropped to a value of 20 kN, where
an approximate displacement of 2 mm occurred. The second peak occurred at a load level

of 27 kN and a maximum displacement of 9.2 mm was noted prior to failure of the dowels.

4.2.3 Specimen ST-N-1
This specimen used steel dowels that were not bonded to the concrete on either side.
For the initial stage, a stroke rate of 0.1 mm/min was used and it was increased to a final rate

of 0.4 mm/min. The test was terminated due to the configuration of the specimen which did
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not allow any further movement in the direction of the applied load. The measured load-
displacement of the two LVDTs and the demec stations are given in Figures 4.7 and 4.8
respectively. This specimen was tested before the demec bar was in use so that the demec
point readings were only recorded up to a load of 75 kN. These figures show that the
specimens were initially very stiff in comparison to thé Isorod specimens and behaved linearly
up to a load of 78 kN and a displacement of 1.25 mm. As the kinking mechanism started, the
applied load increased slowly due to the large displacement range for this type of
reinforcement. The test was stopped at a load of 107 kN and a displacement of 19.5 mm due
to the limited space between the panels in the direction of the applied load. At this stage of
the test, the concrete around the dowels was crushed. After the test was completed, the
specimen was removed from the test setup and the panels were separated to inspect the
kinking behaviour of the dowels and the concrete surface. The crushed surface and dowels
for the ST-N-1 specimen are shown in Figure 4.9.

Displacement measurements indicated a slight rotation of the specimen due to
imperfection of the end steel plate of the spacer. The problem was eliminated for subsequent
specimens by placing a bag of plaster of paris between the spacer and the abutment. This
allowed the spacer to rest evenly against the abutment and prevented rotation of the

specimens.

4.2.4 Specimen ST-N-2
This specimen was identical to specimen ST-N-1 with steel dowels not bonded to the

concrete on either side. No problems were encountered during testing and readings were
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taken from the demec bar up to a load 98 kN. The same initial stroke rate of 0.1 mm/min was
used and the rate was increased in the post-kinking stage to a rate of 0.8 mm/min. The load-
displacement behaviour shown in Figures 4.10 and 4.11 was obtained from the LVDTs and
demec bar readings, respectively. These figures show similar behaviour to that exhibited by
the previous specimen with steel dowels. The specimen behaved linearly up to the kinking
stage which occurred at a load of 81 kN and a displacement of 0.85 mm. The load-carrying
capacity then gradually increased ;Jp to a maximum load of 103 kN and a displacement of
18.9 mm. The test was stopped due to the limitation of the space between the two panels in
the direction of the applied load. Crushing of the concrete around the dowels was also

observed for this specimen.

4.2.5 Specimen IS-P-1

This specimen had Isorod dowels with one side bonded to the concrete while the other
side was not. The stroke rate was increased from 0.1 mm/min for the initial stage of testing
to a final rate of 0.4 mm/min after kinking. This specimen was tested before usage of the
demec bar, therefore, demec readings could be recorded for the first 30 kN only. The load-
displacement relationships obtained from the LVDTs and demec points are shown in Figures
4.12 and 4.13, respectively. These figures show that this specimen exhibited the same
behaviour pattern seen in the other specimens with Isorod dowels. The specimen behaved
linearly up to a load of 34 kN and a displacement of 1.25 mm at which point kinking began.

The load-carrying capacity then dropped to 28 kN and large displacements occurred. The
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specimen was able to carry load up to a maximum value of 40 kN and displacement of 9.3

mm before failure of the dowels.

4.2.6 Specimen IS-P-2

This specimen was identical to the IS-P-1 specimen and was connected with Isorod
dowels which were bonded to the concrete on one side only. The stroke rate was increased
during the test from the initial rate of 0.1 mm/min to a final rate of 0.4 mm/min for the post-
kinking stage. The load-displacement behaviour exhibited during the test is shown in Figures
4.14 and 4.15 for the LVDTs and the demec bars, respectively. Demec readings were
recorded up to a load of 26 kN, that occurred on the rising limb of the second peak. The
same behaviour was observed for this specimen as for the other specimens with Isorod
dowels. The first peak occurred at a load of 26 kN and a displacement of 1.66 mm. After
kinking, the load dropped to 22 kN with an approximate displacement of 2 mm. The second
peak occurred at a load of 32 kN and the maximum displacement of 9.0 mm was noted before

complete failure of the dowels.

4.2.7 Specimen ST-P-1

The specimen was connected by steel dowels bonded to one side of the concrete. The
same initial stroke rate was used on this specimen as for all the other tests. The initial rate
of 0.1 mm/min was increased to a rate of 0.6 mm/min in the post-kinking stage of the test.
Demec point readings were obtained up to a load of 95 kN. Figures 4.16 and 4.17 show the

load-displacement behaviour measured by the two LVDTs and demec points, respectively.
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The specimen exhibited a stiff, linear behaviour up to a load of 80 kN and a displacement of
1.0 mm, followed by a significant reduction of the stiffness due to kinking. At a load of 105
kN and a displacement of approximately 6 mm, a reduction in the load-carrying capacity of
10 kN was observed, as shown in Figure 4.16. The load slowly increased again to a
maximum value of 113 kN at a displacement of 18.2 mm before termination of the test due
to closing of the gap between the two panels. During this latter stage of the test, crushing of

the concrete around the dowels was observed.

4.2.8 Specimen ST-P-2

This specimen is a duplicate of specimen ST-P-1 that had steel dowels bonded to the
concrete on one side only. The stroke rate was increased from 0.1 mm/min to a maximum
of 0.8 mm/min for the latter stage of the test. The load-displacement behaviour of the LVDTs
is shown in Figure 4.18, while Figure 4.19 shows the measurements obtained from the demec
bars that were used to record the displacement up to a load of 110 kN. The behaviour pattern
that occurred in the other specimen of this type was also exhibited in this specimen. Kinking
began at a load of 85 kN and a displacement of 1.07 mm and a similar drop in the load-
carrying capacity from 110 kN to 98 kN occurred at a displacement of approximately 7 mm.
As the load slowly increased, the concrete around the dowels was crushed, which was
consistent with the behaviour of the previous specimen with steel dowels. The maximum
recorded load was 103 kN with a displacement of 17.9 mm before closing the gap between

the panels.
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When this specimen was tested, one step of the pre-test preparatory sequence was
omitted and it affected the beginning of the test. Clamps were normally used to restrain the
top layer of plywood from moving while each specimen was being placed on the test setup.
However, these clamps were not removed before the test of this specimen began. They were
noticed and removed after 40 kN of load had already been applied to the specimen. The
initial behaviour was slightly affected by the unreleased roller system, however, after release,

the specimen behaved similarly to the other specimen of this type, ST-P-1.
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CHAPTER 5

DISCUSSION OF RESULTS

5.1 INTRODUCTION

This chapter analyzes and discusses the experimental test results presented in Chapter
4. The following sections include a general description and a comparison of the behaviour
of the specimens connected by steel and Isorod dowels tested iﬂ this program, as well as a

discussion of their shear strength and the effect of bond on their behaviour.

5.2 SPECIMEN BEHAVIOUR

The following sub-sections describe the behaviour of the specimens with steel and
Isorod dowels. In each sub-section the average kinking load and maximum load are given for
each type of specimen as well as an explanation of the mechanisms involved in the kinking
process and the effect of any irregularities experienced during the test of each specific

specimen.

5.2.1 Specimens With Steel Dowels

Four specimens with steel dowels were tested in this experimental program. Two
specimens were connected with unbonded dowels (ST-N specimens), while the other two
specimens were connected with dowels bonded to the concrete from one side only (ST-P
specimens). Figure 5.1 shows the load-displacement behaviour of the two ST-N specimens

obtained from the LVDTs, as well as their average values. The average of the demec
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readings for these two specimens is also shown in this figure and it can be seen that the demec
readings are in excellent agreement with those obtained from the LVDTs. The load-
displacement behaviour obtained from the LVDTs for the two ST-P specimens, their average
and the demec point reading average are shown in Figure 5.2. The preceding figures show
that the steel dowels, which had a high initial stiffness, behaved linearly up to an average of
approximately 80 kN with an average displacement of 1.05 mm for the ST-N specimens.
Kinking began at a slightly higher load, averaging 83 kN, and at a slightly smaller
displacement of 1.04 mm for the ST-P specimens, as can be seen in Figure 5.3. After kinking,
there was a significant reduction in the stiffness of the specimen, accompanied by large
displacements due to bending of the dowels at the concrete faces. As the displacements
increased, the dowels exerted more pressure on the surrounding concrete. Eventually, the
concrete bearing pressure reached its capacity, causing crushing of the concrete around the
dowels. The tests were stopped at an average load of 105 kN and an average displacement
of 19.2 mm for the ST-N specimeﬁs and an average load of 108 kN with an average
displacement of 18.0 mm for the ST-P specimens because the gap between the two panels of
the specimens closed.

As mentioned in Chapter 4, the first of the ST-N specimens experienced some rotation
during testing. The effects of this rotation can be seen when comparing the load-displacement
behaviour of the two specimens in Figure 5.1. The curve of the first specimen is quite
rounded at the kinking point due to the rotation, whereas there is a sharp bend in the curve

for the second specimen where rotation was prevented.
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The second ST-P specimen behaved slightly differently than the first due to the initial
restraint explained in sub-section 4.3.8. The effect of the initial restraint on the load-
displacement behaviour resulted in a slight difference in the slope of the curve from the start
of the test to 40 kN as compared to that after 40 kN, as shown in Figure 5.2.

Figure 5.3 indicates that the dowels of the partially bonded steel specimens (ST-P)
carried slightly more load than those where the dowels were not bonded (ST-N) until a
displacement of approximately 6 to 7 mm and a load of 105 to 110 kN was reached. At this
point, there was a drop in the load-carrying capacity of approximately 10 kN. This drop was
due to the breaking of the bond be;tween the concrete and the one side of the dowel. After
this point, the behaviour became very similar to that of the ST-N specimens although the ST-

P specimens were still able to carry slightly more load.

5.2.3 Specimens With Isorod Dowels

A total of four specimens with Isorod dowels were tested in this program. Two
specimens had dowels unbonded to the concrete on either side (IS-N specimens) and two
specimens had dowels bonded to the concrete on one side only (IS-P specimens). The load-
displacement behaviour obtained from the LVDTs of the two IS-N specimens as well as their
average and the average demec readings are shown in Figure 5.4. The same information for
IS-P specimens is given in Figure 5.5. These figures show that the readings obtained from
the demec points agree very well with those obtained from the LVDTs. A comparison of the
behaviour of the IS-N and IS-P specimens is given in Figure 5.6. From this figure, it can be

seen that the dowels in the IS-N specimens had a linear behaviour up to an average load of
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28 kN and displacement of 1.58 mm. The IS-P specimens were able to carry a slightly larger
average load of 30 kN at a slightly smaller displacement of 1.46 mm before kinking began.
After kinking, the load dropped down to an average of 22 kN for the IS-N specimens and 25
kN for the IS-P specimens as the dowels split longitudinally. The separation occurred within
the resin of the Isorod in the embedded portion of the dowel as the compression zone of the
rod separated from the tension zone. At this stage, the two portions of the dowel acted
independently and kinking occurred. The load-carrying capacity then increased as the glass
fibers of the composite material were able to carry a component of the load in tension. The
average maximum load achieved for the IS-N specimens was 30.5 kN and an average
maximum displacement of 9.75 mm occurred at failure. The IS-P specimens were able to
carry a slightly larger maximum average load of 36 kN and had an average maximum

displacement of 9.15 mm at failure.

5.3 ISOROD VERSUS STEEL BEHAVIOUR

Figures 5.7 and 5.8 give comparisons of the behaviour of steel and Isorod dowels for
the unbonded and partially bonded cases for the two types of dowels. Firstly, and most
prominently, it is noted that the Isorod dowels carry a considerably smaller load than the steel
dowels. This is due to the fact that the composite material of the Isorod consists of
unidirectional fibers and has very little resistance perpendicular to the fibers, which
corresponds to shear. The material also has a very low modulus of elasticity in comparison
to steel. Therefore, steel dowels are much stiffer than Isorod dowels and are capable of

carrying much more load before kinking. A comparison of the shear strengths is given in
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Section 5.5. The smaller load-carrying capacity of the Isorod means that a larger diameter
dowel is required to carry the same load as a steel dowel. Calculations to determine the
required Isorod dowel diameter are given in the following chapter.

Secondly, the Isorod dowels exhibit a larger displacement at the kinking point. On
average, the Isorod has a 50% larger displacement than the steel dowels for the unbonded
cases and there is a 41% increase in displacement for partially bonded Isorod dowels as
compared to the steel dowels. This is due to the lower modulus of elasticity of Isorod, which
is only 20% of that of steel.

The third difference noted is that the Isorod has a decrease in load after kinking, which
does not occur in the steel dowels. This decrease could be serious for actual pavements as
it is accompanied by large and permanent displacements. Further, it was noted that the Isorod
dowels split longitudinally when kinking commenced. In practice, this point should not be
reached as the split in the resin will expose the glass fibers to an alkali attack from the salt
water that leaks into a joint."”® Therefore, if Isorod dowels are to be used, it must be assured
that the load where kinking commences would not be reached under typical service loads.

As expected, test results indicated that failure of the Isorod dowels occurred at a
smaller displacement in comparison to the steel dowels. Isorod dowels experienced a
complete failure at an average displacement of 9.45 mm for all cases, whereas the steel
dowels did not fail, even with displacements of 18 to 19 mm. The tests were stopped at this
point because of the configuration of the specimens that allowed only a maximum

displacement of 20 mm in the direction of the applied load.
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5.4 EFFECT OF BOND

The comparisons of the unbonded and partially bonded specimens for both steel and
Isorod are presented in Figures 5.3 and 5.6, respectively. In general, bonding of one side of
the dowel slightly increased the load-carrying capacity while decreasing the corresponding
displacement. Due to the lower Iﬁodulus of elasticity of Isorod in comparison to steel, the
effect of bonding was more noticeable on its load-carrying capacity. The increase in the
displacements of the unbonded specimens were in the range of 15% and 8% for steel and
Isorod dowels, respectively. The partially bonded steel dowels were able to carry an average
of 3.8% more load in comparison to the unbonded dowels. The increase for the Isorod case
was in the range of 7%. The load capacity increase of the partially bonded steel dowels
occurred up to the point of bond failure, after which the behaviour of the partially bonded
specimens was almost identical to that of the unbonded specimens. This behaviour was not
observed for the Isorod specimens and the bond continued to affect the behaviour up to
complete failure. This resulted in a smaller displacement of the partially bonded Isorod

dowels at failure in comparison to unbonded dowels.

5.4 SHEAR STRENGTH

In order to determine the shear strength of the dowels, the total applied load was
assumed to be equally shared by the two dowels. In this investigation, the load that
corresponds to kinking was assumed to represent the strength of the joint. In the following
sub-sections, the shear strength obtained from testing is compared to the strength predicted

by two equations that were presented in Chapter 2. The comparisons are done for both the
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Isorod and steel dowels.

5.4.1 Isorod Dowel Shear Strength

Based on a nominal diameter of 19 mm, the kinking strength, p,, of a single Isorod
dowel from each specimen is shown in Table 5.1. The table also shows the average strength
for each type of specimen and for the material used for the dowels. From these values, it is
noted that the kinking strength of Isorod (51.1 MPa) is approximately only 28% of the
punching shear strength of 184 MPa obtained from prévious studies.’ This is consistent with
the lower shear strength expected when the load is applied along a wider joint, as this
prevents a pure shear condition from developing.

The predicted values in Table 5.1 were derived using Equation 2.4; v, ={; cos 8. The
kinking angle, 6, was calculated using the displacements measured at the commencement of
kinking, given previously in Table 4.1, and a joint width of 12.7 mm. It can be seen that the
predicted values are higher than the values obtained from testing the Isorod dowels when the
tensile strength of the dowel is used. As well, the values calculated using the ténsile strength
of the resin within the composite are considerably lower than the actual test values.

The differences in predicted and actual dowel strengths are due to several factors.
The first factor is the form of the equation available to predict kink'ing. It is desirable to have
an equation that predicts the strength at which kinking will commence. However, Equation
2.4 determines the strength of the dowel at some point after kinking has started. The kinking

strength is a function of the degree of kinking that has occurred, which means that the
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strength increases towards the yield or tensile strength as the kinking angle approaches zero,
which is the point where kinking commences. However, the actual dowel strength at kinking
was less than the tensile strength. This indicates that the equation does not produce
reasonable predictions of the strength at which kinking commences.

The second factor only applies to composite dowels, since the other component of the
equation for kinking is the tensile strength of the matgrial. However, for Isorod the first peak
occurs when the resin cracks and the bar splits longitudinally. Therefore, the strength
obtained should be a function of the tensile strength of the resin, which is considerably lower
than the tensile strength of Isorod. However, as seen in Table 5.1, when using the tensile
strength of the resin, which is approximately 11000 psi (75.8 MPa), the equation predicts a
much lower shear strength of 8.9 MPa than that observed in the tests. Therefore, this
equation does not correctly predict the kinking strength of composite materials, even when
modifications are made to account for the actual behaviour of the material.

The second model available to predict dowel strength, Equation 2.11, depends on the
bearing strength of the concrete as ;Jvell as the plastic moment that can develop in the dowel

before failure, as shown below:

0.45f,d 2
D, = 0.5fb(0.37ydb—c)2+-e——1—;-—b[l—£-]

where Y

For the specimens considered in this program, the equation can be simplified by ignoring the

dowel tensile resistance as both types were unbonded or only bonded from one side. The
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depth of the crushed concrete zone, ¢, can be reduced to zero as crushing occurred after the
kinking stage. Using the area of the bar as nd,%4, Equation 2.11 can be reduced and

simplified to predict the strength, d,, as follows:

0.637
d, - % (0.37 yd,)* +
d,

0.57 1,

.1

Therefore, the simplified equation can be used for steel dowels without making any further
modifications since steel can develop a plastic hinge. However, Isorod is a linearly elastic
material up to failure and therefore a plastic hinge will not form. Using the tensile strength
of Isorod in place of the yield strength of the steel, the equation will preciict much larger loads
than those the dowels actually carried, as seen in Table 5.2. However, it was noted during
the tests on the specimens with Isorod dowels that failure began when the dowel split
longitudinally due to the cracking of the resin. This is due to the tensile strength of the resin,
which is approximately 7% of the tensile strength of the composite bar, being mainly
responsible for the shear strength of the dowel bar. Therefore, the tensile strength of the resin
was used in the equation rather than the tensile strength of the composite material. By
making this modification, the predicted dowel strengths, d,, shown in Table 5.2, are obtained.
The predicted values agree very well with the actual strengths obtained. Equation 2.11 seems
to be an acceptable equation for predicting dowel strength for Isorod dowels if the tensile

strength of the resin is used.
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5.4.2 Steel Dowel Shear Strength

The kinking strength of each of the steel specimens tested, as well as the average
strength for each type of specimen and for the material, are shown in Table 5.3. When the
strengths of the steel dowels are compared to those of the Isorod dowels in Table 5.1, it can
be seen that the steel dowels are approximately 2.8 times stronger than the Isorod dowels.
Table 5.3 also shows the predicted kinking strength obtained from both prediction equations.
Equation 2.4 predicted a strength that is considerably lower than the actual strength obtained
from testing. However, the strengths obtained from Equation 2.11 are very close to the
actual strengths obtained from testing. Therefore, Equation 2.11 is also acceptable for

predicting the strength of steel dowels based on the yield strength of the steel.
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CHAPTER 6

DESIGN RECOMMENDATIONS

6.1 INTRODUCTION

This chapter provides design recommendations for glass fiber reinforced plastic
(GFRP) dowels. The recommendations are based on testing one type of dowel known
commercially as Isorod and produced in Thetford Mines, Québec. Design equations are
presented that can be used to predict the strength of FRP as well as steel dowels. Design
recommendations will determine the required diameter and length of an Isorod dowel that
could provide comparable behaviour to steel dowels. Based on this study, a relationship
between pavement thickness and dowel diameter is pfoposed for Isorod dowels. Application
of Isorod as tie bars for concrete pavements is also explored and design recommendations are

provided to determine tie bar spacing, length and diameter of Isorod.

6.2 STRENGTH PREDICTION

In order to have dowels with sufficient load-carrying capacity to withstand the loads
that are expected to occur in concrete pavements, it is necessary to have an equation able to
predict the load where kinking will commence in the dowel. In the previous chapter, it was
found that an accurate prediction of the kinking load was possible for both steel and Isorod
dowels using an equation that considered both the bearing strength of the concrete and the
moment that could be developed in the embedded portion of the dowel. The following

equation, originally proposed for steel,” could adequately be used to predict the dowel
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strength, d,, for GFRP using the tensile strength of the resin, which is normally in the range

of 7 to 10 percent of the tensile strength of the GFRP bar.

0.637 0.
d, - L (0.37 y:db)2 + fy Jor steel
d} Y,
0.637 f, , 0.57 1, .
d, - e (0.37 y,d,)" + ————-Y— for FRP ©.1)
; .

1
A | E, | E
where  f, = 37.6 -;[— Y, - Y, - d
\/2; K.d, K.d,

The concrete foundation modulus, K, is a constant for a given system and depends
on the concrete strength, the dowel material used and the diameter of the dowel bar."
Therefore, a different value of K, should theoretically be used for the systems that have
Isorod dowels as compared to those with steel dowels. However, the dowel strength, d,, will
not change significantly with different values of K, as the fourth root of K is used to calculate
y. This minimizes the effect on the dowel strength equation and therefore, the same K; value
can be used for both the steel and Isorod systems without a significant error in the results
occurring.

These equations are simplified versions of the original, Equation 2.11, discussed in
Chapter 2. This expression is for unbonded and partially bonded dowels. Therefore, the term
that considers the effect of the tensile force in the dowel in the original equation is not
included here. The term related to the depth of crushed concrete was also eliminated as the
concrete did not crush at the commencement of kinking. Crushing of the concrete only

occurred after a significant deformation had taken place due to kinking.
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The results indicated that the tensile strength of the resin, and not that of the
composite material, governs the shear strength of FRP dowels based on the kinking
mechanism as the failure mode. It was found that the fibers within the FRP provide residual
strength after the initial peak resistance and do ﬁot contribute significantly to the initial
strength of the FRP dowel when subjected to shear. Isorod uses a polyester resin, a very
versatile type of resin, however, some resins are avaiiable with higher tensile strengths. One
of these that is widely used, is a vinyl ester resin that has a higher tensile strength than
polyester resin, as well as possessing better resistance to aggressive media, high temperatures,
corrosion and fatigue."” It is expected that using a vinyl ester resin as the matrix for Isorod

may greatly enhance its performance as dowels in concrete pavements.

6.3 REQUIRED DOWEL DIAMETER
The current design practice of concrete pavements requires that a single dowel should
carry a single wheel load as a vehicle crosses a joint. To determine a standard service load
expected to act on a dowel, the equivalent single-axle load (ESAL) is used.> This is a
standardized load acting on an axle of a truck or trailer and is taken as 18 kips (80 kN).
Therefore, one wheel will carry one half of an ESAL, or 40 kN. The dowel diameter required
to carry this load was calculated based on the average shear strength from the experimental
program (51.1 MPa for Isorod and 142.8 MPa for steel) and was found to be 19 mm for steel
| dowels and 31.6 mm for Isorod dowels.
It was noted in the previous chapter that the Isorod dowels exhibited a larger

displacement than steel dowels at the kinking point. Therefore, the required Isorod dowel
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area should be increased to obtain displacement performance of the pavement similar to that
with steel dowels. To determine the factor that should be applied, the displacements up to
kinking were compared for the unbonded and partially bonded steel and Isorod dowels.
Ratios of Isorod to steel displacements (A/A,) were taken at 25%, 50%, 75% and 100% of
the kinking strength for the eight specimens tested. The displacer;lent ratios obtained can be
seen in Figures 6.1 and 6.2. These figures also show the ratio of moduli of elasticity (E/E;)
which is approximately equal to 4.49 and would theoretically be used for flexure. The ratio
of moduli of shear (G,/G;), which is approximately equal to 4.52, is also shown and would
theoretically be used for pure shear. However, it can be seen that the maximum displacement
ratios obtained from the tests are approximately 2.6 for the unbonded specimens and 2.3 for
the partially bonded specimens. These values are much lower than those predicted by theory.
This may be due to the development of the kinking mechanism that was neither pure flexure
nor pure shear. The lack of bond of the dowel to the concrete may also contribute to this
difference. Therefore, the theoretical values would give larger dowel areas than required.
The displacement ratios obtained from testing should therefore be used to determine the
required Isorod dowel area. However, since the results of these tests are limited and there
may be variation in further tests of this type, a conservative displacement ratio of
approximately 3 will be used for further calculations. This could lead to an Isorod dowel
diameter of 55 mm located at the same spacing as the steel dowels. However, reducing the
spacing could allow for a more reasonable and practical diameter.

Normally, the 38 mm (1%2") steel dowels used for a 250 mm (12") thick pavement can

carry twice the specified load of one half of an ESAL. Using the same safety factor on the
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basic Isorod dowel requires a 63 mm diameter dowel. This is slightly larger than the 55 mm
diameter dowel required to match the steel displacements, as discussed in the previous
paragraph. Therefore, in a 250 mm thick pavement, an Isorod dowel with a diameter of 63
mm (2'2") could be adequate to match the performance and the strength of the steel dowel
and meet the required safety factor of twice the minimum required dowel diameter.

When dowels are installed in actual pavements, a wire frame, or 'basket’, is used to
hold a row of dowels in the proper location before the pavement is cast. The frame, which
raises the dowels to the proper elevation, is normally fastened to the sub-base of the road to
prevent movement. The dowels rest on top of the frame within steel loops that restrain the
dowels from moving out of alignment. Typically, one end of each steel dowel is tack welded
to the wire frame. It should be noted that an alternative method should be used to secure the
FRP dowels to the supporting system during casting. The current welding technique used to

fasten the steel dowels is certainly not applicable.

6.4 REQUIRED DOWEL LENGTH

As there is a difference between the elastic moduli of Isorod and steel, the length of
dowel required will also differ. The equation that can be used to calculate the distance to the
points of pressure change was presented previously in sub-section 2.3.2 and Equation 2.12.
From this equation, the required dowel length can be found as twice the distance to the
second point of pressure reversal in addition to the joint width. The required dowel length
was calculated for steel and Isorod dowels by using a 25 mm (1") maximum joint width. It

was found that a length of 420 mm is required as a minimal length for steel dowels. The
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standard length used in practice is typically 450 mm (18") which is slightly larger than the
minimum required.

For the same dowel diameter as steel, the minimum Isorod dowel length was
calculated and found to be 293 mm. However, as a larger Isorod diameter is required to
provide comparable shear strength to steel, a minimum dowel length of 418 mm is required
for the GFRP dowels spaced the same as the steel dowels. Therefore, the same length of 450

mm (18") is recommended for Isorod dowels.

6.5 DOWEL SPACING

It has been noted in previous sections that a large diameter is required for the Isorod
dowels to be comparable to the 38 mm (1'%") diameter steel dowels that are spaced at 300
mm (12") along the transverse joints. However, smaller dowelsAcould be used if they were
spaced at closer intervals. In order to determine the dowel diameters required for various
spacings, a relationship must be developed that relates the spacing and diameter of Isorod
dowels to those of steel dowels. To obtain such a relationship, it is assumed that the shear
force per unit length (D,/s) that a dowel could carry is the same for both Isorod and steel
dowels. The shear force, D, can be found since it is a function of the dowel shear strength

at kinking, d,, and the dowel diameter, d,, as follows:

(6.2)

Therefore, by relating the shear force per unit length for Isorod and steel, the following
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equation can be used to find the Isorod dowel spacing, s, for a given Isorod dowel diameter,

dy;:

d (d )?
s b (6.3)
dus dbu'

where d and d; are the shear strengths for steel and Isorod dowels respectively (d,, = 142.8
MPa and d; = 51.1 MPa), d,, is the steel dowel diameter (38 mm) and s, is the steel dowel
spacing (300 mm).

For the same diameter used for steel dowels (38 mm), Isorod dowels would require
a spacing of approximately 100 mm (4"). However, this close spacing may be considered
unacceptable as a large number of dowels would be required. By rearranging the relationship
derived above, it can be calculated that an Isorod dowel diameter of 45 mm (1%") would be
required for a more reasonable dowel spacing of 150 mm (6").

Previous studies have shown that the dowel strength attainable can be increased if
smaller diameter bars are used in the joint. This .is due to the more even distribution of
bearing stress in the concrete as a larger number of bars is required.” The potential beneficial
effect on the dowel strength by using smaller dowels has not been considered here and may

improve the shear behaviour of Isorod dowels.
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6.6 RATIOS OF PAVEMENT THICKNESS TO DOWEL DIAMETER

In practice, there is a general guideline used to determine the dowel size required for
a given concrete pavement thickness. It states that the dowel diameter, d,, can be found as
e of the pavement thickness, t, (ie. d, = t/8) however, the expression can only be used if t
and d, are expressed in inches.? Therefore, the information presented in this section is given
in imperial units. The relationship described above can be applied to pavements in the range
of 6 to 12 inches thick, which is normally used for concrete pavements. For pavements that
are less than 6" thick, the dowel diameter required for a 6" thickness is used."

Based on the experimental tests, a general guideline is established for Isorod dowels.
It was determined in section 6.3 that a 2'4" (63 mm) diameter Isorod dowel is required for
an equivalent 14" (38 mm) diameter steel dowel in a 12" (250 mm) thick pavement. Using
the values for pavement thickness (12") and Isorod dowel diameter (2'2"), a constant of 4.8
was obtained. This could be a relatively cumbersome value to use as the calculated diameters
may not always be readily available in practice. Therefore, Table 6.1 was created which gives
the actual Isorod dowel diameter required for different pavement thicknesses as well as the
diameter closest to the actual one that is readily available. This table alsé includes the
diameter of steel dowels required for the same thicknesses of pavements for comparison. It
is noted from the table that the diameters required for the thinnest pavement listed (6" or 150
mm) are still equal to the minimum diameters required to carry the standard service load of

one half of an ESAL.
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CHAPTER 7

LIFE-CYCLE COST COMPARISON

7.1 INTRODUCTION

Use of fiber reinforced plastic (FRP) dowels could provide a possible solution to
deterioration of concrete pavement joints currently caused by corrosion of steel dowels.
Since FRP is a relatively new material for structural engineering components, they are, as
expected, more expensive than steel dowels. However, their use for concrete pavement
applications could enhance the lifetime of the pavement. Use of steel dowels typically causes
corrosion and requires replacement during the useful life of the concrete pavement. The high
cost of the FRP dowels in comparison to steel may suggest that their use as an alternative
material may not be acceptable. However, it has been reported that the initial cost may not
be the most critical issue for long-term investments such as pavements.'®* Therefore, this
investigation is conducted to determine the cost-effectiveness of FRP dowels for concrete
pavement. The life-cycle cost analysis considers not only the initial cost of the dowels but
also the maintenance and/or repair costs which are incurred over the life of the pavement.*®
This chapter presents a life-cycle cost analysis of five alternative dowel materials. The
materials considered are: plain steel, epoxy-coated steel, stainless steel, Isorod and C-bar.
The latter material is a new GFRP made by Marshall Industries Composites Inc. of Lima,
Ohio. This GFRP was not availablé when the testing program began and was therefore not
included. However, C-bar is reported to have an improved shear strength as compared to

Isorod with a much lower cost (approximately 35% higher than epoxy-coated steel).”
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Therefore, it is included in this cost comparison to show that some types of GFRPs may be
more cost-effective than others. The following sections present the data and assumptions

which were used, as well as the actual analysis and comparison of the five dowel material

alternatives.

7.2 TIME AND COST INFORMATION

Evaluation of a life-cycle cost analysis of a structural system requires consideration
of tangible and intangible costs. The direct tangible costs are the actual costs of materials,
installation and repair which must be considered. The indirect or the intangible costs include
other considerations,” such as traffic delays, congestion during repairs, increased noise levels
for residents during construction or repairs and increased damage to vehicles due to failed
joints and consequently a rough riding surface. Due to the difficulty of assigning monetary
values to these parameters, only the direct tangible costs will be considered in this analysis.

The study included information regarding costs and time periods obtained from the
Manitoba Department of Highways and Transportation® and the Winnipeg Streets and
Transportation Department.”* Since the volume of traffic on Manitoba highways did not
warrant the use of dowels, the information obtained from the Department of Highways was
only related to the lifespan of the concrete pavement rather than the dowels. However, it
should be noted that many of the undowelled pavements are now experiencing premature
faulting due to an increase in traffic volume. The Department of Highways is currently

considering the use of dowels for concrete pavement joints.

53



7.2.1 Pavement Lifespan

In order to perform a reasonable and accurate life-cycle cost analysis, the same time
period must be considered for all alternative materials used for the dowels. The life of the
concrete pavement from construction time to the time when an overlay is required was
considered as the length of time over which this analysis would be performed. It is assumed
that the life cycle of dowels is limited by the time at which the pavement requires an overlay.
This is certainly due to the fact that after placing an overlay, the dowels will not function as
they were originally designed. The information obtained from both the city and the province
confirms that concrete pavements normally last 25 to 35 years before an overlay is required.
This lifespan varies with several factors, the most prominent one being the volume of traffic

which the pavement experiences over its lifetime.

7.2.2 Repair Timing

The records indicated that normally after approximately 20 years of the pavement
lifespan, joints require repairs as a result of clear signs of distress. At this time, approximately
30% to 50% of the joints are replaced with a full-depth repair.??> This repair consists of
removing the concrete around the joint down to the subbase. The area removed is normally
the full width of one lane and 1 m to 1.5 m long.?® Holes are drilled into the sides of the
transverse faces of the concrete and one half of the length of the dowels are grouted into the
holes. These dowels provide load tr.ansfer capabilities to the patched area after casting of the

concrete and prevent faulting or settling of the p'atch.23 Full-depth repairs are done on
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another 15% to 20% of the joints at the end of the pavement lifespan before the overlay is
placed.?

These full-depth repairs are presently being done in Winnipeg pavements where plain
steel dowels have previously been used for dowels. It has only been within the past 15 years
that epoxy-coated dowels have been used in Winnipeg. For mo;t of this period, they have
been used in pavement repairs and not in new pavements. Therefore, there is no information
available regarding the lifespan of the epoxy-coated dowels or whether fewer full-depth
repairs are required.

In theory, if stainless steel or GFRP were used for dowels, corrosion would not occur
and the dowels would last the lifespan of the concrete pavement without requiring repairs.
However, it was found that joint distress can be due to factors other than those associated
with dowels. The distress may also be caused by heavy repeated loads, thermal stresses, loss
of slab support or excessive compressive stresses within the slab due to incompressibles
within the joint which restrict slab movement.® The actual percentage of joints which
experience distress due to the factors mentioned above is quite difficult to determine, however
it can be approximated to be within the range of 80% to 90% of all joints which are
replaced.” Therefore, this percentage of joints must be replaced regardless of the dowel

material used.

7.2.3 Dowel and Repair Costs
It can be seen from the previous discussion that there are three costs which must be

included in the analysis. The first cost to be considered is the dowel cost when the pavement
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is initially constructed. At this point, it can be assumed that the labour, installation and
concrete costs will be the same for all five cases since the pavement must be constructed
regardless of the material used for the dowels. Therefore, the only cost which needs to be
considered is the cost of the dowels themselves. It was mentioned previously in Chapter 1
that dowels are placed along the transverse joints at a spacing of 300 mm. Therefore, a
standard highway pavement lane width of 3.7 m will require 13 dowels across the lane. Table
7.1 gives the average costs for the five types of dowels as a unit cost as well as the cost for
the dowels of a joint in a pavement lane (13 dowels). This table shows that the initial dowel
costs for the stainless steel and GFRP are considerably higher than the plain steel and epoxy-
coated steel. The selected stainless steel dowels (Gfade S316) have approximately the same
strength as the plain steel for comparison reasons. These costs are based on a 450 mm (18")
long dowel with a diameter of 38 mm (1'2") for the three types of steel dowels being
considered. However, a larger diameter of 63 mm (2'%") must be used for the Isorod dowel,
as determined previously in Chapter 6. Since the actual shear strength of C-bar dowels in
unknown, it is assumed that it is approximately the same as that of the Isorod dowels and
therefore the same diameter is required. For both GFRP bars, a 63 mm diameter dowel
spaced at 300 mm was used, however, a more practical diameter of 38 mm spaced at 100 mm
could have been used, resulting in approximately the same costs. At present, the largest
GFRP reinforcement which is made is a 25.4 mm (1") diameter bay. Therefore, the costs for
63 mm (2'4") diameter dowels were extrapolated from the average cost per cubic meter of
the sizes which are presently manufactured. It should be noted that the GFRP costs shown

here are those for small quantities. As with most other materials which are purchased, the
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cost per dowel will decrease when they are mass produced.

The second and third costs to be considered are the costs of the full-depth repairs after
20 years and at the end of the pavement lifespan. These costs should include both the cost
of the dowels and that of the concrete required for the repairs. According to tender prices
submitted to the Winnipeg Streets and Transportation Department for previous repairs of this
type, the cost of installing a dowel, which includes drilling the hole and grouting the dowel |
in place, averages $6.75 per epoxy-coated dowel. By.comparing the cost of an epoxy-coated
dowel shown in Table 7.1 to the installed cost shown above, the cost of installation can be
estimated to be $1.78 per dowel. This installation cost can then be added to the costs per
dowel shown in Table 7.1 for the other alternatives, to obtain the costs of dowels for the
repair work, shown in Table 7.2. Since two joints are required for each concrete patch, each
joint to be repaired will be replaced by two new joints. Consequently, a total of 26 dowels
are required for each joint which is replaced. The dowel cost per joint (26 dowels) is also
shown in Table 7.2.

The cost of removing the concrete from the affected area and re-casting the concrete
as a patch must also be included in the cost of a full-depth repair. The typical tender prices
submitted to the Streets and Transportation Department give an average cost of $85/m? for
concrete repair. Assuming that an average area for a full-depth repair is one lane width (3.7
m) by approximately one meter long, each joint repair requires 3.7 m? of concrete repair. For
this average area, the removal and replacement of the concrete will cost $314.50. This cost
is added to the dowel cost for a repaired joint to give the total cost of a joint repair, as given

in Table 7.2.
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7.3 LIFE-CYCLE COST COMPARISON

There are several methods of analysis which can be used to determine the most cost-
effective dowel material alternative. In the following sub-sections, the Present Worth method
will be used to perform the life-cycle cost comparison. As well, a break-even analysis will be
performed to determine the material costs at which all five alternative dowel materials could
become equal.

In order to perform these analyses, an appropriate interest rate must be used. In most
life-cycle cost analyses a discount rate is used, which can be found by using the interest rate
less the inflation rate. However, for highways, which are government funded and considered
riskless investments, and are normally considered as long-term investments, the inflation rate
is not normally considered.'® This is mainly due fo the inability to accurately predict the
inflation rate over a long period of time, such as the lifespan of a pavement. Therefore, a
constant dollar is used for all estimations of the costé, and the uninflated cost at the baseline
year is used for all time periods throughout the analyses. Discount rates typically used for
government-funded analyses are in the range of 4%.'%** Discount rates of 3% and 5% will
be investigated to determine the effect of the discount rate on the selection of the different
dowel material alternatives.

A typical kilometer of pavement will be considered in this life-cycle cost comparison.
In Manitoba, a pattern is used for contraction joint locations.** From this pattern, it can be
calculated that approximately 218 contraction joints must be ipitially constructed in one
kilometer of highway. Due to the variability in the percentage of joints which are typically

replaced, an average percentage will be used for these analyses. Since the majority of joints
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which require replacement have deteriorated due to factors other than those related to the
dowels themselves, it is assumed that approximately the same percentage of joints with
epoxy-coated steel dowels will require replacement as those with plain steel dowels.
Therefore, for plain and epoxy-coated steel dowels, an average of 40% of the joints (87
joints) will be replaced after 20 years and 17.5% of the joints (38 joints) will be replaced at
the end of the lifespan of the pavement. As mentioned previously in sub-section 7.2.2, the
distress caused in an estimated 85% of the joints which are repléced is due to factors other
than those related to the dowels. Therefore, 85% of the number of joints listed above for the
plain and epoxy-coated dowels must be replaced for the stainless steel and GFRP dowels.
This results in 74 joints with stainless steel or GFRP dowels requiring replacement after 20
years and a further 32 joints to be replaced at the end of the pavement lifespan. The costs for

these replacements are illustrated in the timeline shown in Figure 7.1.

7.3.1 Present Worth Analysis

The most common type of analysis method used to compare alternatives is the Present
Worth method. This method converts future expensés to a base of present costs.'® In other
words, it determines the amount which would need to be invested now, at a given compound
interest rate, to equal the expenses which will be incurred in the future.

Tables 7.3 and 7.4 show the present worth costs for the five different alternatives with
two different pavement lifespans (25 and 35 years) for 3% and 5% discount rates respectively.
From these tables, it can be seen that Isorod dowels are the most expensive of all the

alternatives, regardless of pavement lifespan and discount rate. This high cost precludes
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Isorod dowels from being considered as a viable alternative. As well, the cost of stainless
steel dowels is only slightly lower than that of the Iéorod dowels and therefore the stainless
steel dowels are also too expensive to be considered as a cost-effective alternative. The C-bar
dowels have a considerably lower cost compared t‘o Isorod and stainless steel but are still
approximately 25 times the cost of the plain and epoxy-coated steel dowels. Therefore, plain
steel or epoxy-coated steel dowels remain the most cost-effective choices for dowel material
with plain steel dowels being the least expensive of the two alternatives. According to this
analysis, it is not cost-effective to use epoxy-coated dowels as a replacement for plain steel
dowels. This is a result of the majority of dowels being replaced due to factors other than

those associated with the corrosion of the steel dowels.

7.3.2 Break-Even Analysis

By comparing the total costs of the plain steel-and epoxy-coated steel dowels to those
of the stainless steel and GFRP dowels, the break-even point can be calculated. This point
is the cost at which two alternatives become equal and either one could be chosen, assuming
the decision is based solely on cost.*® Table 7.5 shows the dowel costs at which stainless steel
or GFRP dowels would become equal to plain steel and epoxy-coated steel dowels.
However, the table shows that even though the break-even cost varies with both the discount
rates and pavement lifespans, there is only a small range in the calculated costs. Therefore,
if the initial cost of a stainless steel or GFRP dowel were in the range of $6 per dowel, it
would be comparable to epoxy-coated steel dowéls, and if the cost dropped further to

approximately $4, it could be used in place of plain steel dowels. These costs average 26%
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higher than the plain steel dowels and 19% higher than the epoxy-coated steel dowel costs.
This is the result of slightly fewer joints requiring replacement when stainless steel or GFRP
dowels are used.

Since both Isorod and C-bar are relatively new products, they may experience cost
decreases in the future with increased use. As well, if the shear strength is improved to allow
for the use of a smaller diameter dowel or if the dowel design is improved so that less material
is required, the cost of the dowel will be drastically reduced. As mentioned previously in
Chapter 6, other types of GFRP which are manufactured in the United States, such as C-bar,

may be more suitable and more cost-effective than Isorod.
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CHAPTER 8

NCLUSION

8.1 SUMMARY
The objective of this research program was to examine the feasibility of using glass

fiber reinforced plastic (GFRP) dowels in concrete pavements. This was achieved by testing

eight push-off specimens in shear and by performing a life-cycle cost comparison of various
alternative dowel materials.

The variables which were investigated in this program were the dowel material (steel
and Isorod) and the degree of bonding of the dowel to the concrete (unbonded and partially
bonded). The research focussed mainly on the load-displacement behaviour, the dowel action
mechanism which occurred and the load at which it commenced, the ultimate failure load and
the mode of failure.

Based on the results of this experimental program, the following findings and
conclusions can be drawn:

1) A kinking dowel action mechanism occurred in all specimens. This began at
significantly lower loads for the Isorod dowels as compared to the steel dowels.

2) The specimens with steel dowels were initially very stiff but lost much of this stiffness
once kinking began. However, the steel dowels were able to carry additional load
within the post-kinking stage.

3) The specimens with Isorod dowels have significantly less stiffness in comparison to

the steel dowels, as evident by the larger displacements. When kinking began, there
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4)

5)

6)

7)

8)

was a decrease in the load-carrying capacity as a result of a longitudinal split of the
dowels.

The Isorod dowels experienced a complete failure after they had regained the strength
which was lost when splitting of the dowels occurred. The dowels sheared off at the
concrete face at failure, due to the brittle behaviour of GFRP material.

The effect of bonding one end of the dowel to the concrete slightly increased the load-
carrying capacity while slightly decreasing the corresponding displacement.

A model which focusses on the embedded portion of the dowel and uses the analogy
of a beam on an elastic foundation gives an accurate prediction of the strength at
which kinking commences. For the steel dowels, the yield strength of the steel can
be used in the equation which is developed, however, the tensile strength of the resin
used in the composite material should be used for the GFRP dowels. Therefore, it is
desirable to use an FRP which has a high resin tensile strength such as those made
with vinyl ester, as opposed to those with a polyester resin. This would result in a
smaller diameter of dowel being required.

From the results of the tests, it was determined that the Isorod dowel diameter can be
calculated from t/4.8 compared to t/8 for steel, where t is the pavement thickness, in
inches.

From the life-cycle cost comparison which was done, it was determined that plain
steel dowels were the most cost-effective choice. Epoxy-coated steel dowels were
slightly more expensive, but the costs of the stainless steel and GFRPs were much too

high to be considered as viable alternative dowel materials.
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8.2 FURTHER RESEARCH SUGGESTIONS
From the test results and conclusions of this research program, the following points

present some suggestions for areas of further research:

1) Research should be done to determine the actual load transfer capabilities of GFRP
dowels in concrete pavements. This can be done in laboratory tests by simulating
wheel loads which cross joints of model pavement slabs which rest on model
subgrades. As well, the optimal spacing of the dowels can be determined.

2) Other GFRPs which have a smooth surface should be investigated for their potential
use as dowels. There are presently many glass FRPs which are being produced in the
United States and some may have a better shear resistance than the Isorod which was
tested. By using a stronger resin and/or a transverse wrapping of chopped glass fibers
within the bar, the shear behaviour can be greatly improved. These types of GFRPs

may be better suited for use as dowel bars.
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Table 3.1: Push-off Test Program

Bonding Condition | Dowel Type |Specimen Notation Test Date
IS-N-1 Oct 31/94
Dowels Isorod
Not IS-N-2 May 2/95
Bonded ’
ST-N-1 Feb 15/95
Steel
ST-N-2 Mar 8/95
IS-P-1 Feb 28/95
Dowels Isorod
Partially IS-P-2 May 1/95
Bonded
ST-P-1 Mar 6/95
Steel »
ST-P-2 Mar 13/95
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Table 3.2: Concrete Properties

Specimen Compressive Modulus of Tensile
Strength Elasticity Strength

(MPa) (GPa) (MPa)
IS-N-1 63.5 32.34 7.20
IS-N-2 56.8 34.34 4.73
IS-P-1 60.6 37.8 6.23
IS-P-2 56.8 3434 473
ST-N-1 60.1 37.8 6.23
ST-N-2 60.0 33.8 6.62
ST-P-1 60.6 37.8 6.23
ST-P-2 60.0 33.8 6.62
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Table 3.3: Isorod Properties Obtained from Tension Tests

Tensile Strain at Modulus
Isorod Strength Ultimate of Elasticity
Sample (MPa) (%) (GPa)
1 731 1.618 43.45
2 706 1.587 43.73
3 651 1.420 42 .83
Average 696 1.542 43.37
Standard Deviation 33.4 0.087 0.38
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Table 4.1: Load and Displacement Summary

At Kinking Maximum
Specimen Average Average
Load - Displacement Load Displacement
(kN) (mm) (kN) (mm)
IS-N-1 30 1.61 34 10.3
IS-N-2 26 1.54 27 9.2
IS-P-1 34 125 40 93
1S-P-2 26 1.66 32 9.0
ST-N-1 78 1.25 107 19.5°
ST-N-2 81 0.85 103 18.9
ST-P-1 30 1.00 113 18.2°
ST-P-2 85 1.07 103 17.9

" Displacement at which angled space between panels was closed.
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Table 5.1: Isorod Dowel Shear Strength Comparison With Equation 2.4

Test Calculated Calculated
Results Using ... Using fi .
Specimen Px P type Px mat Va4 v/ Py \Z] Vy/Dx
(MPa) (MPa) (MPa) (MPa) (MPa)
IS-N-1 529 87.5 1.65 9.5 0.18
IS-N-2 459 494 83.8 1.83 9.1 0.20
51.1
IS-P-1 60.0 68.2 1.14 74 - 0.12
52.9
IS-P-2 459 90.2 1.97 98 0.21
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Table 5.2: Isorod Dowel Shear Strength Comparison With Equation 2.11

Test Calculated Calculated
Results Using fi,. Using f; ..
“Specimen
Pk P type Pk mat d, d./py d, d/py
(MPa) (MPa) (MPa) (MPa) (MPa)
IS-N-1 52.9 261.4 4.94 53.8 1.02
49.4
IS-N-2 459 2599 5.67 52.2 1.14
51.1
IS-P-1 60.0 260.7 4.35 53.1 0.89
52.9
I1S-P-2 45.9 2599 5.67 52.2 1.14
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Table 5.3: Steel Dowel Shear Strength Comparison

Test Calculated Using Calculated Using
Results Equation 2.4 Equation 2.11
“Specimen
Px P type (MPa) | py nq (MPa) \Z \Z d, d./px
(MPa) (MPa) (MPa)
ST-N-1 137.6 34.9 0.25 140.7 1.02
140.2
ST-N-2 142.8 23.8 0.17 140.6 0.98
142.8
ST-P-1 141.1 28.0 0.20 140.9 1.00
145.5
ST-P-2 149.9 299 0.20 140.6 0.94




Table 6.1: Required Dowel Diameters for Various Pavement Thicknesses

Isorod Dowel Steel Dowel
Pavement
Thickness
dactual davailable ’ dactual
inches mm inches inches | mm inches mm
12 300 2V 2% 63.5 1% 38
11 275 2%/6 2% 60 134 35
10 250 2Y 28 54 1% 32
9 225 178 17 475 18 28.5
8 200 124 1% 44 5 1 25
7 175 176 1% 38 /s 22
<6 150 1% 1% 32 ¥ 19
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Table 7.1: Initial Costs of the Five Alternative Dowel Materials

Alternative Dowel Material Cost Per Dowel

Dowel Cost Per Joint

Plain Steel

$3.37

$43.81

Epoxy-coated Steel $4.97 $64.61
Stainless Steel $44.75 $581.75
Isorod $46.54 $605.02
C-bar $18.44 $239.72
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Table 7.2: Repair Costs of the Five Alternative Dowel Materials

Alternative Dowel Cost Per Dowel Cost Per Total Cost Per

Material Dowel Repaired Joint Repaired Joint
Plain Steel $5.15 $133.90 $448.40
Epoxy-coated Steel $6.75 $175.50 $490.00
Stainless Steel $46.53 $1209.78 $1524.28
Isorod $48.32 $1256.32 $1670.82
C-bar $20.22 $525.72 $840.22
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Table 7.3: Present Worths of the Five Alternative Dowel Materials for a Discount Rate of 3%

Repair Repair Repair Total Cost Total Cost

Alternative Cost Cost Cost for 25 Year for 35 Year
Dowel Initial (20 years) (25 years) (35 years) Lifespan Lifespan

Material Cost PW) (PW) (PW) Pw) (PW)

Plain Steel $9550 $21599 $8138 $6055 $39287 $37205
Epoxy-coated Steel $14084 $23603 $8893 $6617 $46581 $44305
Stainless Steel $126821 $62452 $23296 - $17334 $212570 $206608
Isorod $131894 $64359 $24007 $17863 $220261 $214117
C-bar $52258 $34425 $12841 $9555 - $99525 $96239

PW = Costs expressed in terms of present worth.
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Table 7.4: Present Worths of the Five Alternative Dowel Materials for a Discount Rate of 5%

Repair Repair Repair Total Cost Total Cost

Alternative Cost Cost Cost or 25 Year for 35 Year
Dowel Initial (20 years) (25 years) (35 years) Lifespan Lifespan

- Material Cost PW) ®w) PW) (PW) Pw)

Plain Steel $9550 $14702 $5031 $3089 $29285 $27342
Epoxy-coated Steel $14084 $16066 $5498 $3375 $35650 $33527
Stainless Steel $126821 $42511 - $14403 $8842 $183737 $178176
Isorod $131894 $43809 $14843 $9112 $190548 $184817
C-bar $52258 $23433 $7939 $4874 $83632 $80566

PW = Costs expressed in terms of present worth.




Table 7.5: Break-Even Costs for Stainless Steel or GFRP Dowels When
Compared to Plain Steel and Epoxy-Coated Steel Dowels

Discount Pavement Break-Even Costs When Compared To:
Rate Lifespan
0
(%) (years) Plain Steel Dowels Epoxy-Coated Steel Dowels
25 $4.39 $6.09
3
35 $4.34 $6.03
25 $4.14 $5.81
5
35 $4.08 $5.74
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Figure 2.1: Shear Friction Theory

82



FLEXURE

\A
v
M T T T T \_ 9
_________ \ e 3_? M
______ _T_‘
P NN
Vi
Vo=2M=4dy Afy
1 3= 1
SHEAR KINKING
V4
: v
________ Y v
________ I _______._._\
NN
A ‘f 4]
Vy=Af K Vi = A £, cos8 Va
d=4s L d y
{3

Figure 2.2: Dowel Action Mechanisms

83



dowel in concrete

bearing stress

X bending moment
D, lastic hinge
Y M P
T : T) e
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Figure 2.4: Transverse Joint Types
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wmens 450 mm long dowel bar

Note: All dimensions are to centreline of bars

Figure 3.3: Location of the Dowel Bars in Relation to the Reinforcement
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Notes: Use 10M reinforcing steel with yield strength of 400 MPa.
All bends have an interior diameter of 45 mm.
All dimensions measured to outside faces of bars.

Figure 3.5: Reinforcement Detail R-1

90

; 640 mm R
e 3
g tuck behind
g vertical bar
o
Q
11.3mm
Y \_\\
l 10 [ 60 mm
1L
600 mm | @
=]
B
£
3
\ J)
’ 390 mm f



111.3mm

g1z

660 mm

ww e

410 mm

Top View

= | B
— ) o
Overlap bar ends /

as shown tc———‘
7

0 mm

Notes: Use 10M reinforcing steel with yield strength of 400 MPa.
All bends have an internal diameter of 45 mm.
All dimensions measured to outside faces of bars.

Figure 3.6: Reinforcement Detail R-2 and R-3
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Figure 5.1: Load-Displacement Comparison of Unbonded Steel Specimens
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Figure A2: Applied Load Versus Load Exerted in Tie Rod for Specimen ST-N-1
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Figure A15: Load Versus Lateral Displacement for Specimen ST-P-2
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Figure A22: Comparison of Applied Load and End Load for Specimen ST-P-1
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