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ABSIRACT

This dissertation deseribes an investigation inte thoe
struetural characteristics of a dowelled joint in rednforced
concreto construction, special attontion being paid to the
as0ad which such a connection could safely tranomit ix shear.
Conecrete construction jolnts, dowelled joints in highway
pavements, connections in procant conexeto siructures and
the attachmont of additlonal clements to slip- formed
atrvetures, such as a 81ab east onte a glid-wall in the
post-slide giage of comstruction, are typical of the pract~

deal isgsues coneerning the designor in this zogand.

While cortain aspects of dowel actien have Leon fairly
oxbonsively studded hy vazious avihers, no reocogndzoed deslgn
guide or reeemmeondation oxdots as regards the safe load

gueh a dewelled jeint ean carry, eenscidoering all the vari-
ablea dnvelved. Tho work deserdbed in this dlgportatien

aimp at ecstablishing oueh a design precedure for dowels.

n pordca of tests was conducted oen suitable reinforced
conerote wodels, wonnidering as many of {he large number

of paramcters involved as possible.  Sxperimental results
wore gonerally pletted as load=deficetion eurves, and a
sultable thoory was developed te £it tho oxporimental data
thus ebtained, Coxtaln applications of the “heam en clastie

foundatien" thoery wore fourd to correlatn well with




iit

experimental data, and this theery has thus beon studied in :
gome detail.

he combined expoerimenial and theoretical rosulis were £in-
ally used in the cstablishment of suitable design criteria

and safe loads for dowolled td in rod con=

crete structures.




CONTENTS PAGE

CHADTER 1

INTRODUCTION 3 THE DOWEL AS AN HTLEMENT O BRINFORCED
INVOLVED 1IN

CONCRETE CONSTRUCTION AND THE PARAMET!

TS _ANALYSIS 1
1.1 WHE BOWED I8 REINFONCED GONCRESD

GONCTRUETTON 1

BE LAVOLYED I8 ANARYELS

1.2 ZRR PARAL
OF DORBL ACTION IR RNINFORCED CONCREST

COREIRBOTICN

CUADTER 2

A STURY or THr VARTIONS APPROACURS ADOUPRTIN IN TRR

ANATLYGIS or Ty DOMNL IR DRTLFORCRG CONCRNTE

CONSIRIETTON 10

2.1 4 SwubY OF DeREL ACTTON TN RELATTON ©¢

BHEAR STRENGTH OF REJNFORCED CONCRIYE

brans 1L
2.2 4 BYUDY @F BOWCL ACDI0N WIRR SEPOIRIC

REFURERCE Tit CONRPTITORE BETULEY

REIRFOREED CONCRITY DLDURETS 25




CHAPTER 3 PAGE

THE APPLICATION OF A THEORY FOR DOWRLS CROSSING

JOINTS IN REINFORCED CONGIETE ~ AN ANALYSIS OF

DEAME ON FLEXIRLE FOUNDATIONS 35
3.1 IwERODUCTION 35
3.2 THE KIZELER FOUNDATION MODEL 36
3.3 COMPLRTE AND PARPIAL RIRTINULTY 41
3.4 THE PASTERNAR YOUNDATION MODEL 43
3.5 FHE PILONUURO-BOLOBICH FOUNDATION MODEL 45

3.6 DHE POURPAVION MOBVL UEED 1N THIS
DISEERRAT 00 FOR DHE ANALYITS OF DOWEL
ACRION P QPIRVELETE CONCHDID JOINYE AND

CONPRETIENS 46
3.7 SINURATION GF PEALVEC POUNMATYIOND BEING
RURERICAL PECBRIQUIE 19

CUAPTER 4
TUE TARORATORY TRaT DPOciaM AuD THE COMPARICON OF

LEPERIN NTAL o N _THOOUNTICAT, R 28 51

4ol PHE ESDANLLCRRNCRT O A DPPGRARY MODRLBE

VABYE FOR CoXel 53
4.2 TESTE ON WPD GRACKIB=Diac CTLOIMPNE

AN TUVRODBETION 64
4.3 TRE BRADYTC MODULNE AND DRF YIDID STRECR

OF THi: BORELS BETR IR DI CRACKED-PFAY

TESTS n
4.4 SERILG Y 1 TO0FC @8 OPLCIMINY BAVING A

8485 mm MIRD UVEEL PORES 0N OPER REAN AXIG 7




4.7

4.8

4.9

4.10

4.1

4.13

4.14

SERIES 2 s TESTS OF SPECINENG HAVING
A 8,35 mm MILD STEEL DONEL WITH SNALL
COVER

SERIBS 3 : PHEIE ON SPECLBNS PAVISE

WO 6,36 mm HILD SUREL DOWELS

SERIES 4 @ SBOOS OF DPECINERG BAVING

4 10,0 nem M1ED OTEEL DOWRL OX FEE BIAM
AXTS

SERIES § : FPLOTO QN SPROINIRS RAvING A
SINGDE, CENTRAL 6,86 rmv MIID UTFRE
DEYEL, ARD VALABEE 0RACR VIBTH
SDRIEG G 3 DBOPS OF CPECINSRE BAVIGG &
BIRGLE, ¢

245 20,0 ma NELD USTEL

BUBEL, ARG VARIAPED CRAeR Wil
AVENG 4

, ARD

SORILS 7 &

WO BN CRRCINNG

RIVGLE 8,86 rm NEMY GPLES

ValdPADLE EOROLITTY
SERTLE @ ¢ MV 08 QIUCINLNG MAVERG 4

SIRGLR, CDNSERAL 10,6 me MITP OTITE

DaUEh, ARR VARIADLL CORENURE OTRENGTH
SERILG 9 3 QNOT AR SPLOINEE BAVING THe
8,85 mn BIED DVPDL SORPES ADD URTRRRYG
IN FUC REGIOY OF TUD CRACER racmn

SERINS 10 1 9P00e OF REEQINFSe BAVING 4
BIRGLE €,80 ram ARGLIH POVEL

GERIEG 11 ¢ WX oF SRDeIMING paviNg 4
QINGHE 6,80 mm POWEL BERT WNIDEASEY PO

SRIVEATS CLAN=C" "0=RARL CONRECTION:

vii

PAGE

84

24

89

106

553

118

119

123

127




4.15 SERIES 12 : PESYS ON SPECINENS BAVING A
SINGLE 6,88 mm BIGH TENSILE SPERL DOWEL
O TBE BEAN AXIS

4,16 SERIBS 13 « PEUTS ON SPECINENG NAVING A
SINGLY, CENTRAL 6,35 ma MTLD SPEND
DOUEL, AND & CRRERAL POIND ROAD

SHADTER 8
DHE_CORDE]

TTON_OF TIa% RESULLS AND AN BUATUATTON OF

SAFH LOANS THAT €aN BY TRANSMTIPROD AV DOURLLTH

CONERETE_CONNDOTTONS
S.1 PP O
5.3 DRE APPLICATION OF EE N
POYRBATION MOLEE
5.3 TEE BOTARDICENPSY 6F AN AVIROXPNATD
RESATIOSCHIE POR THE DOVDLLEL

WERETE JOVIR D0 TUE POWRES

QARRreFLaly YILED LOAD
S.4  FED DPRECY OF BORCEL N NGYR

SRR PARANTOLRG

8.5 A GENIERAL EVARRY YOS
IRVOLVER TN QU ANARYSEL

o BOPTL AG0I0N

CHAPTEE &

COBCHUNING ISOUNY OF T o

LIST OF BRFID

PLLUOIL M L REL S

vild

PAGE

13¢

1as

137
13%

142

156

161

163




ABRENDIX A

A

YEE YINELER roOMNDATYON NODEL AND IPS
KARHEHATIOAL CORYTION

Ra2  PHE EQUATIONS USED BY TERZAGHI FOR
DEFORMATIONS UNDER WNIFORNLY LOAVED BASES

AEPENDIN B

DL WE GOMDUTEN PROGDAN POWLL, INGORDORASING
PHE JUNL LOLWIION TG SUN PIR LOUNDAYION
HODEL

B2 LARGE FRANG COUENTIR POOGRAN STUNEARION
OF THE BUAY off DLADVIE POURDATION

APPINDIR €

HIX DEGIGN QL TRE GONCPNTN BOrh IN THE
CRACGEED=BUAYN A0B COBL STTEIOBN

APDINRIN E

DETAIRS GF AVPARADE: wOFP 1IN YHE MARORAVORY

LESP FIOGRAN

ix

PAGE

167

169

170

174

177

179




CHARTER 3
INTRODUCTEON: THE DOWSE, 25 AN BRGMUNT OF PRIAFORCED

COHCRUTE CONSTRCTION AND THTE PARMMHTERS INVOLVLED
IN IT¢ ANRLYSIS

1.3 TUR DOVEL I8 RLINPORCED CONCRLTE CONCIRUCHION

The dewellrd joint is an cssential and integral part of a
groat numbor of eavil engincerdng otructures, and tho
subject of the work 45 cosontially a gtudy of the behaviour
of such joints in reinforecd conercte eclements. The jointo
and iens od in eon o eont on are
vaxricd and some of the typical cmesplos are diceussed
briefly.

Transverco Joinks an eonerclo pavencnts are noccusary to
mako leugitudincl wovements eof tho pavement possible, ond
to woliove shrinkage and thermal strosses. In most highway
doplans rounl stael dowols are placed aeress tho Lranoverso
jeinto. Typical dowclo vweuld bo round plain bara, 20 mm
to 28 mm in diamoter, GO0 am in longth and placed at about
300 nm te 500 mm eontres. One end ef the dewel is eapped
and painted oF greased to present the loist peossible resip-
tanee te wavement of the pavement. The dewels are moot
froquontly in dircet eontoet with the surrounding eonercto.
In sonc deaigno, however, they prejeet inte closcly fitting
heavy sleoves, which 4n turn bear in the eenercte.
Practical esnclruction corsideratisan, obscrvation of por=
formanee and experirental data, rather than dosign analysio,
have led te tao eonatruction praectices in commen use, Tho
dowels ero roquired to kovp Lhe wearing swrfaees en each
aide of the joint in aligmment even i subyrade support ls
laeking., They are alsoe regaired {0 relieve the eonexote
otrosges duo to wheol leads in the immediate vieinity of
the jointn by transforming a par: of thau whoed leads to




the adjacont pavement. To pexform these functionsg the
dowele thomselves must be sirong enough to carry a reagon-
able part of the load across the joine and, further, thoy
must he dimensicned go that the bearing pressures bokween
the dowel and tho surrxounding concrate do not cxcced por-
migsible values, which would lead te britivle failure of
the concreoto. They wust transfor their portlen of the
wheel leads with a sufiiciently small deflection to offer
2 meagure of gide support to the loaded sido of the jeint
evan 4% the pavesont rests on a relatively nen-yielding
subyradu: Analyses corxied out in this £icld by Friberg?,

making vge of a ical selution d by T4 1
and Lessols?®®, are fairly comprehensive, but not entirely
satigactory, siuce it was nccogsary to usc material con-
stents in these analyses which had not beon dotermined
experinontally with suffiecdent accur.cy.

In p conwote congtr ; varieus profabricatod
structural eloments have te bo assembled in order to
completo the yeguired structurc. Thosa souncctiens are
very often in the form of balted or duclled joints where
the stecl connector 19 grouted inte th presast conercte
wndt. A tranefor of shear chrough this connceter would
again relate to the problom of the colution of dowel actien
in reinforeed conerete, and varieus authors™ " have given
gomo considevataon te the problem. The same shruttural

dosign iteebndauce would be applied $0 thoe eoi o of the atiachw

ment of bruckets to enioting concrete eolumns ox walle,
whare ehe means of conncceion is a grouted dowel or an
gspansden type bokt. sot imte heles drilled iato tho
exigting concrete gerueture,

A common cunsiruetion practice in this xegaxd applics par=
ticularly to slip-iormed seructuren. In tho ¢liding of o
rolnforced eencrote structurs, such as a pile, reguiring
gome type of diophragm slab, far cxample a reof or floor
slab, the iollowing ¢eebnique ig often oppl ed.  Bars are

bont in the slid-wall, inte some notopdal such as pelyatyrons

|

'
|



foaa or soft-board, as shown in Fig. l.l.l. In the post-
slide construction phase, these bars are then bent out in
-ome manner and the slab cast onto them (See Fig. 1.1.2).
Although some shear is transferred through the ledge in

the wall and through the concrete shear interface, the value
of shear transferred in this mannor cannot always he con-
sidered to be reliable, and it is to tho designer's
advantage to know the safe shear which could be carried by
the dowels in this event.

In general reinforced concrate construction, varlous stages
in the conerete pouring pragram are dotermined structurally
by the inclusion of construction joints., If a transference
of shear is ro.uired at the joint then this shear must be
carxied hy the concrete at the joint and the steel rein-
forcemont erossing tie joint. If the concrete interface
at the joint does not corry any shear, owing for example

to post construction shrin)age, bad preparation of the
Joint concrete sarfuces, or a deliborate gap for shrinkage
or thermal movement reagsons, then all the shear must be
transmitted by the steel roinforcement crossing tho joint,
and the action of this roinforcement is then roferred to
as dowel action. In water yotaining structures of modast
dimonsions, or where thore are scouring actions from mech=
anical stirrers ox rutating paddles, practical advantages
result from the use of rigid jolnts throughout the structure.
Specifications usuwally demand preopuration of the first-cast
eonarete, 0 that good wond is obtained between the first-
and second-cast congrete. In larger structures such as
reaexrvoirs, however, where the cffects of shrinkage and
temporature-change hecome more significant, rigid joints
are no longer satisfactory. It thon becomos nacessary to
provide flexible joints, and if sheoar must ho transmitbed
acress sueh a joint, ox in tho case of a rigid joint

whose concrete surfaces do not provide a rcliable shear
value, it is tho dowel action of the reinforecoment passing
through the joint which must ¢ransmit this shear.
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Researchers in the fiel. of the shear strength of reinforced
concrete beams,b3%1%1 31418 recognize the existonce of a
dowel shear, resulting from the post-cracking action of the
main tensile weinforcement. The Joint ASCE-ACI Task

Committee ar ‘and Diagonal Tension of the Committee on
Masonry auc ceé Concrete of the Structural bivision?®
refor to + as a "Qowel shoar' and it is recognized as an

integral part of the total shoar resistance of a veinforced
concxete beam. If reinforeoing bars cross a crack, shearing
displaccements along the ceack will be resisted, in part,

by thelr dowalling force in the bar. The dowol force gives
rise to tenslons in the surrounding concrete and those, in
combination with the wedging action of the bar deformations,
produce splitting cracks along the reinforcement?, resulting
in a decrease in dowel force, which nevertheless remains
significant. Although this dowel action has hoon studied,
the large numbox of variables involved has genorally meant
that only a few practical cases have been cencidered.

Dowel action of this nature is ercedited with up to 308 of
the intorface shear transfor in certain cases?S,

1.2 THE PARANETERD INVOLYED I8 TEE ANALYSIS OF
DOWEL ACTIGN IN RLINFORCED CONCLERE CONSIRUCITON

In the consideration of a typloal dowel passing through a
consiruction joint as shown in Fig. 1.2.1 it can be scen
immediately that a numbeor of variablos are invelved in its
analysis. The parametors concesning the designer in this
regard arc as follews:

L.2(a} Crach Widih

The erack width of the construction Joint must he considered.
In most practical construction sascs this would be zero and
in many coses good conorcte bond would in fact bo obtained
hetwoen the copercto intorfaces (as is alroady often speodficd
in construction decuments). However, the exldstenco of a
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erack width, aven if very smull, must be considered. This
would apply in the case of smooth, oily concrete faces in
contact with ono another, where the concroto ltself transe~
mits no shear across the Interface. On the other hand,
guite significant crack widths could be considered in
highway pavement joints, for cxampla.

1.2{b} Fhe transfor of shear by the conevcic

If the crack width is 2ero, then the two alternatives are
thot cither the econcrote transmits no shear itself ox
alternatively, transmits some load owing to friction at the
conercte interfaee. The latter would be the ease in
shrinkage oracks or shear erocks across a reinforced con-
creto member, and has been investigated by a method analogous
o the analysis of coheslonless coilsl?,

1.2(e)  Bouwcl diamcter

The diamctor of the dowel must be considered, esprecially
in relation to the overall dimensions of the particular
cencrete olement under considerat: n, since this will
determine whother tho fuilure wmode is contsolled by yleld-
ing of the dowel or brittle fracturo of the eoncrote moss.

1.2{d)  Yicld otreco ef dovel materiald

In addition to the effcet of (e} above, the fallure mode
will farther be influcneced by tho yicld stress of the
dowel material in relation te otkoar paramckcrs. In pax-
ticular high tencile steel dowels might dnduce  a brittle
fracture type failure of the conereic mass.

L.2(e) Penodle fevae in douol

The coxistence of a tensile foree in the dowel, dua to ovor-
all bondang of a concroto membor, for oxamplo, not enly




affects pormissible strcgses that might be set up in the
dowel due to dowel action, but can in addition influence
the deformation pattern of the dowel structure.

1.2(£) Dowel clagide modulua

The clastie modulus of the steel dowel will have considor-
able influence on dowel deformations in the conerote mass,
and this in turn will affect the overall jeint stiffnacs
and f£ailure patteras,

L.2(a) Concrote eruching ctvoagih

Not only will the crushing strongth of the conerete greatly
affeut the ¥ailure nede of the joint by ollowing greater
sub=dowol bearing prossures, buk the clastie modulus and
subgrade madulus of conerete are beth dcpordent on the
eonereto crushing strengih, and these parameters in turn
will affeot the clostie and cluasto-plagtie proportlcs of
tha dowelled Jeink.

L.2{h)  Cowor to devaly

Tho conorcte cover te the dowels cromoing a joint will affcet
the permicglble dowel concreto preogsurcs, sinec the
ulédmate load of the joint will he reduced in cory repondonce
with tho reduction in tho dimensien of tho fraeture line of
the cencrcte. Thic ferm of failurce will monifost dtself to

@ greater extont dn jelnts in slebs than in tho eage of

wallo, where cover may be conaidered Lo approach an infinite=
ly laxge value. Failure medes in the latter case will

depend on local eruching of eonercte dua ta sub=dovol eoucueva
Prosoures.




1.2(4) Dhe number of dewcle ovoening the evaek faco

fhis must be considered in conjunction with conereta covers
to dowels and overall stecl to conercte arta ratios for a
porkicular dowelled joint, and will relate to the advantages
of a multi-bar joint over a joint uf fcwer, larger dowels.

.23 Angle of dawols

Tho angle of inclination of thoe dowel e the erack face
mugt be takon inte consideration in tha ovaluation of
stiffnoos and fallure oritorion for the dowelled joint,
in rolation to the expected dmprovement of shear transfor
of judiciously ang.cd dowels.

L2k Bongth of doweld

Tho lengtl, within eortedn limits, of a dowel crossing a
jeint 1o concrete cenctruek.on will affcet both the overall
stiffneas charvacteristies and safoty of the jednt whon
conoidering yield and failure modos.

1.2{2} FEffoot of ofdvpupe

Stirzups in tho immedintoe vicinity of the eradek faee ina
dowelled joint will affeet both the clastic deformatien
provertien of the dowel and the fadlure charackeristics ef
the dowolled joint. This will copeedally be tho ease whoro
the failure mechanicm relates to the shedding of the concrete
cover te the dewels.

1.2{m) Tupe of loading

Tho prineipal load te be eonsidered in tho caso of a
dowelled jodnt is the shoar to bo transferred across the
jedint, althewgh this may aet in conjunciion with other
loads, for cxample overall bending in the conerctoe member
in tho rogion of the joint under consideration.
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CHARTER 2

A _STUDY OF THE VARIOUS APPROACHBS ADOPYED IN THE ANALYAIS

vl

CONSTRUCTTON

OF TUE LOWEL TN REINFORCLD CONCER

Literature in the field of dowc) astion in reinforced

coness ¢ can be eategorived inte +wa distinet approaches:

1} Dowel astion as applicd 1o pest evacling
analyocr of crandasd refnfoveod ooncreto
beans,

od ¢n eonvcotdon vity

2)  DPewel agoilon otud

sho trauafor of shoar by develo from one

maon conerete sipuciusal cloenont do anethor.

rhose are fundamentally different evncepts and will bo dealt
with scparatoly. The oceope of this alsserkatien is cen~
corned maindy with the latter concept, althowgh  the
prireiples odoptcd ean be referred to both, provided that
the neecgoary adjustments are mado. Closely assoelated
with both conecpts, but on the otlicr hand making wse of

<it dn its analyaib,is the

an eneively different upp
case of the eragked ueetion which still tranomits & shoax
across the coneroke interface by moano of friction. AL
tha above eages have boon dnvestigabed by various dathors
and the cssenco of their findings can be Qiccusoed ag

followas -
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2.1 A STUDY OF DOWEL ACHION IN RELADION IO SHBAR
STRERGTH OF REINFORCED CONCREIE BRAMG

Dowel action in reinforced concrete boawms, although gen-
exally not dominant relative to othor shear transfer

mechanisms, has beon studiod in numorous instances owing
to its rele in failure mechanisms in those siructural

clements.  In boams, uplitiing cracks develop along the
tongion roinforeoment at inclined craeks as a rosult of
daviol offocts shis allows the erack to opon, which in
turn reduces . sntorface shear transfer aleny the dia-

gonal crack and .»us leads Lo failuro.

Yellowing splitting, and the associated loss of stiffneas
of the conercte correunding tho bar, and hence the de-
orease in dewol action foreo, the dowel force has beon
found to be a funetion of the otifiness of the eonercte
under tho reinferecment and the distanco from the point
where the dowel ahear e applicd to the first atirzups
gupporting the doweld,  Sulbe-dowel compreosien foilure hao
alse boon found te affect ¢hin bohavieur, but this applies
partieulariy to the eases of slabs or rung eoneroto and

ig not ac signifieant in beamg. This is important as
regards the dowelling of diaphragm slabz te exisling walls
or the attochment of braelhots to conercte structwres by means
of boltu or grouted er epexicd dowels. Dowol action con-
tributing to the overoll ghear strengid of reinforeed con-

ercte beams has been studied by a nuatbor of iLnvestigators,
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but as these tosts have been charscterisad by the large
number of variables that have to be censidered to cover all
1likely £ailure mechanioms, reliable rosults have heen obiained

for only a fow practical cascs

Xrefold and Thursten!® d tosts to asecrtain the
value of dowel shear in roinforced concrote boams. In a
study of shoar meshanisme thoy cstabliched that the propa-
gation of ¢n inclined oxack into the compression zone,
leading to ultimate failure, is the dircet rosult of dig-
pilacemonts oceurring at the point of erack initiation, when
the vertical forces acting on tho roinforeinyg bars produce
hoxizontal cracks at the levol of tho bars. These herizental
eracks, always direeted towards the support, sigaify tensile
s.resses preduced by o vombination of bond, heorizental

shear and a vertical (dencl) shuar foreo, resisted by the

roinforeing bars - nd tho concrote below tho bara.

The oxictence of theso vertical forecs and displacumerts

is made evident by tho raversed eurvature ef the bars and
the dlucontinuity in their deflection inercments. The
continued abnormal diffewences in top and bottem bar stroing
indicato inercaces in curvaturce vhich ean be intcrproted teo
moan that shoar forees aecting on the baro de not disappear
after oplitting, but continue acting up to ultimate load.
The magnitude of this dowel shear foree on longitudinal
tnnoilo roinferecoment has beon disregarded by many investl-
gatoxs owing to its rolative lnsignifieance when compared
to sther shear resistanco mochanisms in roinforeed cencrete

beams.  In addition, the introduction of the dowel ghear
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makes the analysis of the intornal forces of the baam
statlcally indcterminate. Hence it is usually assumed
that the shear carrled by the bars by dowel action is
inappreciable, and is, in any case, lost to a large extent

after the formation of splitting cracks.

In their test set up (seq Pig. 2.1.1), Krefeld and Thurstonl®
simulated tha abovee-mentioned diagonal ceracks in thoir beam
spocimens. A trangverse opening permitted the insertion

of a steel plate with projecting onds to which the tost
load was applied, and hence dowcl forces could bo measured

directly at the simulate” racked section.

A constant eylindor strenm of 2 500 pul (17,2 HPa) wag
used for the conereta, and the prineipal variables considered

by the autksrs were beam widik, ber diamcter and eenarcio

eavor. During looding, hanical dial & d

doflections at both simulated eracks, giving load-defloction

curves ag shown in Pig. 2.1.2.  (Sce alse Tabio 2.1.1).

In most cases the load inescascd Lo firet eracking, afiaen
which oplitting extended to thy support. Any inereasoc of
load boyond this conditilon would b2 wue to suspension astion
of the tensile reinforecment. Althengh Lho nunbor of tests
was insufficiont to completely cvaluate the large number of
variables involved, the following important conclusions
ware drawn:

1) The shear force resisked by the longiiudinal

tonsile roinforcement decrensed with inercasing

ddskanco from tho suppori. Ik was net known
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3)

to what extent this was the result of

the variation in tensile force existing
in the reinforcing bars. ¥From a theory
set up later by Johnston and Zial3, it wo
would appeaxr that this cortainly could
have been the case. {See Fig, 2.1.4)

Bar shear resilstance incroased with larger
cencrete cover below the bars. fThis is
significant only in the particular case of
the shear reslstance of longitudinal tensile
reinforcement in beams, sinee the gstrscturc
reptesing the dowel ferec in this came is

in fact a combination of the tensile roin-
foreomont and the concrote cover below the
bars, as shown in Fig. 2.1.3, (This is
vorified later by Johnston and zial$).

In goneral it was found that approximatoly
two thirds of the chear resistance was
coxricd by tho concrete above the crack,
and about one thixd by tho dowc? stryoture
shown in Fig. 2,1.3, Jonos %, in an carlicr
investigation, concluded that the longitu-
dinal steel functions as a dowol and thai
it "contributes a substantial part ef tho
shear resistance at failure". (It must be
emphasised that this dowoel action is funde-
nandally different to that studded in con~

neetion with ths load transforred by dowel

16
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across a structural connoction).

Initially, and based on empirical data
obtained from tests. the authors formulated
the following expression for the ultimate
shear which could bo carricd by the above

dowel otructure (8ca Pig. 2.1.2).
vy = ¢y gy (amh ¥ 2.1.1

whore €y is a factor invelving unknown

of feote of combined atrecoce {Sece Chaptexr

82, I 1o tho sccend moment of area of the

dowel cirnoiurc (£rem the trancformed

geetdon given in Fig. 2.1.3), f'uyn is the

conexote cylinder strongth and b and d

are obtained from Fig.2.1.1. Eguation

2.1.1 wos modificd cmpirieally ko take

inte account the variation of Vy with crack

distance from tho support, te give:

vy = b ETeRE L3 (1+lf‘i"-‘= Yerd ke 2.3.2
{p is an oxper'monLally docclminud factor)

Whero all symbols may be obtained from

Fig. 2.1.1. Xt is most Important to nete

that these cquatiens arc cmwpirical, and

sinco test data was all in Imporial wnita,

1ike units mast ho censidered when cvaluating

thoso eyuatisng.
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The authors ¢srnclude that dlagonal aracks in beams alter
the noxmal sitress distribution and that the longitudinal
reinforcoment participotoes in registing an appreciable
amount of the external shear. This ghear resistance,
acting in conjunction with the embedding concrote, depends
on tho sizo of bars, spacing, deopth of covor below bars

and the strengtn of the concxete. The normal trajectory

of the dlagonal teonsion crackn in beams (reflecting the
direction of the principal tonoile streasses) is dnterrupted
with a change in dircetion when the cracks have propagatcd
into tho compressive zone. This medificaticn of craek
propagation is dircctly related to Rorisental evaeling
along the bars whon maximum "dowel! resistance is developed.
The forces acting on tho bars producc bending of the bars

and in the ing eenerete, nied by

doformations.

The above approach was extonded to quite an extent by the
work of Johnoton and Zial? in their study of the dowel

action of lonyitudinal rei in red

boams. In contrast to the ymtely cmpirical relationships
establiched by Krofold and Thurston!®, the authors based
their study on the concept of a beam on clastie foundatien,
but on the other hand &id net have extensive tost rosults
to substantiato their theory. Ilowever,theix» analysis was
more vomprehiensive than that of any provious vescarchers in
that thoy considored the additional cfreets of bar tension

and the action of stirrups. Tholr analysis, as in tho case
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of ecariicr researchors, is prineipally a study of dowel
action in the posi-cracking stage of the shear fatlure of

reinforeed concrete beams.

For tho partlcular cuse of the sheaw failure in roinforeed
gonerete beams, five failure medes relating to postecracking
dowel actlon can be cengidored. The longitudinal tensile
rednforgement, acting <n eonjunction with bhe ¢onercte egvor
below the bere s shown in Pig 2.1.3, is treated ag an
axially loaded cemposilte beam on olastie (Winkler) found-
ation. The stivrups are assumed to he elastie supports

to the box, provided that the bar deflcects downwards ab
these points of support. Material fu'lure is churactor-
ized by the ylelding of the dowel under cembined tension
and ghear or under combined tersion and boending. Support
faillure results from horizontal eracking of the concrete

ot reinforeoment level or yiclding of the stirrup. Those
fadlure modos and f£allure eritoeria are begt indieated in

summarized form as dn Table 2.1.2.

In thoir formulution of these failure wodes the authors make
uwse of tho variocus solutions te the follawing ditiovontiad
cquation, which is derived frem the considerqhign of a
compopite beam on Winkler foundation, subjocted to & cone

stant tensile force {(sce Chapter 3)i
N aly a2
Bole » v T G vy e 0 2.1.3

where y 48 the defleetdon of the (cempositc) bar, x is the

horizontal distance measwred along tho bar, By Je the modulus
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of elasticity of concxete, Iy is the sccond moment of arca
of the transformed composite heam({sce Fig. 2.1.3), k is the
foundation modulus for. the composite boam of width b, (it
must be noted here that this value will be considerably
different «- the subgrade modulus to be applied to the case
of dowels crossing preformed cracks or joints in reinforeed
conerote structures - sce Chapter 4.2 on the experimental
determination of subgrade modulus) and T io the axial forece
in the bar. The solution to cguation 2.1.3 for the case of
O <P <2 »’m , which includes roallstic values of T

encouptered in practice, is

¥ = (6,0%%46,07%%) cospx + (G3e"%4G,0™") gingx 2.1.4

in whizh
aw (A% + 2.1.5
I, S
=2 Forg) 2.1.6
&
k )
A2 (g 2.1.7
s T

and G3, Gy, Gy and G, arc constant eocfficionts to bo doter-
mined from Loundary cenditionsc. Thosc boundary eonditions
vary deponding on the failure mede oncountored and an
extonoive list of stiffness coefficiconts and modo solutions
has been cotablished by the authors®,  The value of %k, tho
subgrade wodulus for cencrcte for the heam width, is given

by the authers ag:

x = Dbl
[
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where h' = b - mDg
and b is the beam width, d is the effective
depth of the beam, m is the nurer of bars

and Dg is tho bar diamcter.

It may hbe noted that equation 2.1.8 indicates a lincax
relationstip botwoen subgrade modulus and Young's Modulus
of concrote ar? that k has units N/mm?, and is thus not
the true conercie subgrade wedulus (sce Chuptors 3 and 4.2
on eoncrete sulyrado modulus). In order to obtain the
full series o: stiffnoss coofficicnts, four distinct

failune modes wore considored by the authors:

1) Cracking .. cencrete cover, which is primarily
a functlon of tho tonoile strongth of {he con=

exoto, and is rolatoed to the evitical defleetion,

Ye,0f tho pogite bar {a di go of the
theory eskablished by thoe authors is that a value
for ye muct bo assweod beforo procecding with the

analysis).

2) Yielding of the dewol under combined tonsion and

shear.

3) Yielding of the dowel under combined tonsion and

hending.

4) Yiclding of the stivrup {(only the first scirrup

io considored to give support to the dewel).
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Interaction curves wore plotted for various f£ailvre modes

ag shown by a typleal interaction curve in Fig. 2.1.4.

The aunthors' theory ecorrelated fuirly well with tesks
condusted by Gergely®, the predicted values generally
£alling within 25¢ of :he owperimental rosules. However,
the all important value, ye, the eritical defloction of
the dowel cauning eracking of the comercte eover, was nok
satisfactorily cetablished. In addition, the value of
subgrade reaction used by the aunthorg relates partisularly
to the dowel atruciure U rodaforecd eonertie boeaue, and

is not applicable to the case of a dowelled conncction in

rel cod o .

i
i
i
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2.2 A STYDY OF DOWEL ACTTON WITH SPROIFIC RYFERENCE 10
CUNNECTIONS BETWERN REINFORCED CONCRETE ELBMENTS.

Tho torm "coancetlon" has many applications in this regard
but prineipally this differcntiates betweon shear resige
tance by dowel action in reinforcod coscrote beams and

shear transfeor across gome intentionally proeformed erack

or joilnt in a concraete structurc. Speeific cases of crack-
ing do oecur in gome structural clements which result in

a situation very similar to the latter type of shear transfor
refoczed to above, those being vases wvhere a chear plane

exlets ab some point in the strueture. This type of shear

transfor has been studied fairly oxtonsivoly by Masel?
and later by Hofbeck ot all®., fThe concopt of the dowel ag
a beam on clast.c ‘oundation 16 not used in theso cases.
The dosign philoccohy followed in gonoral is that joints
should have duetility and should therefore have some amount
of roinforeiny stcel pasoing through them, se that the
dosign ohould net rely entirely on the tensile strength
of tha conerete. Tho aficar friectien thoory advanced by
Mast considers the shear forec to bo rosisted by friction
aleng & hypotheotieal crask. Wue rolabtionship botwoon
stoel arca required acress such a erack, or shear inter-
face, and the shear ferso to be tranemitted by the crack
is givon by

Vy @ Agfy tan ¢ 2.2.1

where Vy is the shoar forec acting at the shear interfaco

at ulvimate lond, Ag 45 the avea of steol erossing the




crack normal to the shear inkeraces, £y is the yield
strength of the reinforcing sézel and ¢ is thz angle of
internal friction of the concrcto shear interwface. T

is important to note that tnis theory predicts that ne Loa®
can be transmitted in the case of a smeoth crack - this is
fundamentally difforent to ihe concept that will bo davelw-
opodt later in this dissortation {Sce Chapters 3 end 4),
Push-off tosts conducted by Anderson” and the Portland
Cemont Assoeiatien resulted in ihe envelepe shown in

Fig. 2.2.1. The value for tan ¢ of 1,4 refors particularly
to the case of a rowyh conercte Lo concrcte interface.
Mast foun ¢nils envelepo to have geod appiication in the
deutgn of steel fox a corbel, for oxample, such as shown

in rig. 2,2.2.

Hofbeck ot all? doveloped the above theory to some cxtent
and found that Mast's shoar friction theory actually made
use of an “apparent® friction angle and san only be appliad
to low stress level cases. They conducted punh-off tosts
using conecrcte models shown in Fig 2.2.3 @ﬂﬂch wore latew
developed by Dulacska® whon condueting further dowol tents)

The authors coneludcd that:

1) A pre-owisting orack definitely reducoes the

ultimate onear transfer strength,

) powel aection of reinforeing bars cvessing tho
shear plane is ingignificant in indidially un-
cracked conerete, but is cubotantdal fn concocie

with a pro-caioting evack along the ahcar pleno.

26
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3) The shear frictlon theory gives a reasonably
conservative estinate of shear transfer strenglh
in normal welght concrete with a pre-existing
crack along the shear plane ard reinforced with
intexmediate grade reinforcement 1f tan ¢ is
assumed to be 1,4, provided that pfy is less
than 0,158'; or 600 psi (42 kgf/em? ox 4,14 Mpa),

whichever is the lesser value,

This concept of the initially cracked shear plane was
further developed by the work of Dulacska®, who considered
the dowel action of steel bars crossing artificial cracks
in concrete. Theso artificdal cracks were intonded to
simulate the effect of a crack which opens slightly,
thereby losing the friction described by Mast and Hofbeck
et al. Bars crossing this type of intentional erack may
be said to countorac. shear deflection by "pure® dowel

agtion.

The test specimens used by Dulacska were ossentially a
devel~pment of those used by Hefbock et al as can bo

seen in Fig, 2.2.4.

Loads and shear deflecotions were measured duving tosts on
f£ifteon guch specimens, and tost results led to the es-
tablishment of an owpirdcal fosmula for the shear foree

which could be carried by such a jeint at ultimate load:

= ab? f g¢ -
Ty = pb v«y.nsins[lq.mms :| 2.2.2
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In equation 2.2.2, T¢ is the failure force, b is the bar
diameter,$ is the angle of the dowels, L is the yleléd
gtress of the stecl dowels, on is the cube strength of
concrete, n is the coefficient of local comprossion of

concrote, ¥ is a conatant and p is given by the expression:
p =1 Nﬂ/uyz 2.2.3

where N is the tensile £axce in the bar erossing the crack
and Ny ig the tensile foree including ylold in pure tenalen

in the bar.

Tho cocfficicent of local compreasion of concrete (sce
Chapter 5 for a more dotailed discussion) is ecowmed by
bulacska to be 4. Tast rasults give vy as 0,05 and o

was approximately unity for all tosts. The substitution
of those values into equation 2.2.2 gave fairly good
correlation between thoorctical and test resulés and the

main eonclusions drawn £rom the tost scrlis wore thats

1) fTho har crossing the artificvial erack is
doformed by the action of tho shear forco.
In addition tho bar breaks the sharp concrete
edge at the erack faee, causing load crushing

of the goncrote.

2} The fallure shear force of the dowel ackion was

detoxmined by test for the parametors considered.

3) Tha dowel bohaviour is almost ideally clagto-

plastic,
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For the parameters considered in the test series the
equations derived appear Yo have good application.

However, being empirical, and rulying on an assumed

value for n, rather than a valuc developed on a rational
basis, the eguations cannot readily be extonded to

include othor parameters. Thay are noverthelass a
valuable guide~line to the ultimate losd that can be
expoacted £rom a dowelled conneciion having properties
siwmilar te the gpecimens tests. Cracking of concrcte covex
was procluded however, owing to the design of the test

specimens.

A thooretical invostigation inte dowel s.tion of bars
erogsing eracks in highway pavements a8 undertaken by
Fribexg’, making use of a general mathematical solution

to tho Winklex i nodel pr od by T4 3

and lessels™. The dowel is considered e be an infinitely
long structure supported by an clastic mass from its
boundary surface. A simple, digscontinuous foundation
support 1s used, expressing the stiffness of the structure

and tho clastic macs by the following constant:

Yz
™= iRy 2.2.4

in which kg is a medulue of suppert for tho clastic mass
{and has dimengion forev por length eubed) , b Le tho width
of the strocture, ¥ is the medulus of clasticity of the

structure and 1 is tho moment of incrtia of the structure.




Friberg dovolops Timoshenko's solution to the differontial
ecquation for an clag*ic structuro supported by an clastic
mase, considering porticular loading conditions assogioated
with a dowel in a highway pavement. Considoring the load-~
ing to bo the form shown “n Fig. 2.2.5, the author shows
that the maximum bending moment in the dowel cah be

expressed by the relationship

=

TNy g
Ymax © o IFTWR T 2.2.5

In ecquation 2.2.5, P is the shear foreo applied at the
jJoint ecntre line, a 1s the crack width, m is the congtant
deseribed in cguation 2.2.4, and xm is the point along the

structurce vhore the maximur moment ovecurs, ¢given by the

a
as

ootabliched from Pimoshenke's solutieni?b.

solution of = 0, tho relationship for momont beinyg

The clastic defloction of thoe evack faces ean he shown to

bo given by the rolatienship:

- a}? 3
8oy daldmul 2l 2.2.6

Bquations 2.2.4 through 2.2.6 oro all based on an elastie
analysis and it 4s elear thot they are dependent on the
valuo kg, the medulue e aupport of the "ela?.‘tm“ conerete
wase. This io unfortunato, since the awtlor was unable to
givo a reliable value for Ky in the oase of mase sonerete,
s0 that although this olastie approach appoars to have a
good rational basds, tho finad cquationg arc not fully
rolioble, owing to the assumptions involved in ovaluatdng

tho material eongiants., Valuas for ky varying from
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30 000 1b/ind (8,28/mm3) to cluce to 2 million 1b/ind

(543 N/mm3) weso considered in the discussion of Priberg's
paper. It must be noted that these valuos are not related
+o concrxcte strengths in any way, but the aunthor's values
probably refer to 20 MPa {3 000 psi) concrote. Dospite

this large discropancy, the concopl of treating the "pure
dowel" as a beam on & discontimwus elastic fouadauvion is

a very valuable one, especdally if a reasonably accurate
oxperimensal evaluation of tho subgrade modulus of concrete

is obtained.

Technic:l literature in the ficld of dowel action in roin-
foxced conarote can thus be scon to rely on hoth empirical
and rational approaches. The rational approach makes uso
of variations of the theory of the beuam on clastic founda~
tion. BStudics of the dowel action also comprisc the fellowing

two major f£iedds: flrstly lowel acticn as svplicd to shear

failuros of wed nerete beams and sccondly as
applied te jointg or connections in roinforeed conexcte
strnetures. In the formey the rational approach considors
tho structure resisting shear failure by dowel action to be
tho eenmpoudte reinfercing bar and concrcta cover slrueturs.
In the latter case, which can be referred to as pure dewel

aaddon, the dovel rescilsks shear forees across the jeint as

an fadepondont structure and not as a eompecdtc Qownl
structure. It is this lattor econcept that is the prineipal
concexn of thic dissertatien, aliliwwgh both concepts have
boen drawn £rom in further dovoleping a guitoble theory to
be applied to the dowel crosuing conncotiong in soncrete

structures.
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CHADTIR 3

IHE APPLICATION OF A THLORY FOR DOWDLS CROGSING JOINTS

IN_REINFORCED CONCRETE -~ At ANALYSLS OF BRAMS ON FLENIBLE

FOUNDNTIONS

3.1 INTRODUCTION

The concept of a beam on clastic foundation appears to have
good opplication as rogucds the study of a steel dowel
embedded in conerete, provided that a reliable value for
the concwete subgrade mouaulus can be cstablished {see
Chapter 4.1). The specifiz model used by the authors who
have considered this analogy’'3 is based on tho Winkler
assumption. In ovder Lo cstablish the relative merits of
the various models vhich can be vsed, a brief study of the

varjous concopts ils undertaken.

Boams and platos supported eover a lavge part or over ihe
whole of thoir dimensions on deformable moadia are found in
a laxge vuvioby of toehuieol probleme. In somo of those
problems tho identity of the beam or plate and of the
foundation 35 clearly established, whercas in others, the
concopt ig of a moxe abstract nature, the similaxdties
being of a purcly mathematical form. In the case of the
dowel crossing an open jeint, the dowel ecan Le considered
to be tho keom, and tho conerote of the slab or wall its
clagtic foundation, This of sourse gurmiscs small elautic
defleetions of the joint stywobwro. Many difforont types

of faundation model have been developed theough the years,




the most well-known boing the Winkler type of foundation.
Fach type of foundation mudol hes special application to
a particular tyne of practical engineering problem, and in
gome cases a wenber of different modols might have to be

congidored to obtaii the most reprosentative rosulis.

is ry in ning the beet use of a
foundation model application to a practical problem and in
addition in acsessing whethor a struectural oloment is in
faet a beam on elastic foundation ox net, uoing guide lines
given by various authors on the subject!®f?, Mathematical
models ean be established for both beams and plates on
elastic foundation, the plate being the more general coneept
in mathematical toems. lowevor, consideration is given only
to the beam on clagtie foundation in this case, sinee this
more ¢loscly simulatea te steel dowel ombeddnd in a concrete

nags.

3.2 THE NINEIER FOUNDAYION HODRL

The simplest roprosentation of an clastie foundatlon was
provided by B. Winkler as carly as 186713, It was Zimmerman
who took up the Winklor assumption and doveloped ik into a
conprehensive analytical system. Tho Winkler foundation
asgumes that the defloction ot overy peint in propertional
to tho progsure applied at that point. A model of thedr
type of foundation would bo best ropresentad by aa infinite
row of elosely spaced springs, cach doforming orly undew

the pressure 1t diregtly recedves, implying & Glscontinulty

of response. This leads to a mathematieally simple, but
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nevertheless very significant solution.

In a system of orthogonal axee, the x axir being parallel
to the axis of the foundatlon surface, Winkler's assumption

can be written mathomatlecally as:

p = Koy 3.2.1
If units of newtens (force) and millimetres (length) are
adopted in equation 3.2.1, thon p is the pressurce applisd

to the foundation (in N/mm?} and y 4s the corresponding

deformation that the fourdalic s undergocs {(in mm).

The constant, ky has units N/mnd and is trown as the found-

ation moduluc or tho medulua of suppert or the ceoffietont

of subgradc veacidon., As discussed in Chapter 2.2, the
actual value of the constont is subject to guestion in many
applications, and a part of this dissorta’ion is devoted to
the establishment of a subgrade moduius for consrete subjected
to a sub-dowel pressurc. An apparent advantage of the
Winklor-Zimmorman golution in this regaxd is that kg only
entors inte the mathematical rclutieﬁships undex a fourth
root »nd thuc crrors introduced in ostimating values for ke
will be reduced substantially in the f£inal so}uticns for
stresges in the foundalion. This is tyue to a corkein
oxtent, but it con be ghown that it is not the case for
all stress golutions, and thus it must be asecpted that the
ultimate utility of the mathematical relationships cotab-
lished in’this manner is vitally dependent on a realistie
value of kg (refovred 4o s the susyrade nedulue in this

discortation ).
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The differential equation for the Winkler beam on elostic
foundation can be dericd by considaering vertical cguil-

ibrium in Pig. 3.2,1, from which

8= y-q 3.2.2
and since the shear, Q, is givew by tho w.fferentiation of
thoe moment, it can be substituted into the following
equatlon:

7
..Em_g.::l.{ _— 3.2.3

This substitutdon lcads to the Winklexr difforential eguation,

given hy:

)
+
B
“
a
12
5

3.2.4

where y 8t deflection of the beam or dowel, x is the
point alorg the oxis of the boam whore deflection is con-
sidoxed, k is related to the subgrade modulus of the concrate
by k = kg.b, wh is the width of the beam (or the dimmcter
of tha dowel}, Thus M can bo scen to have uniwe of pressure.
EX is the flexural rigidity of the heam and q is the load

on the beam, vhere ¢ is a function. of ¥,  Thoe golution to

equation 3.2.4 can be shown to bo:

v = Ac™ gintmets) + BE™oin(meep) + % 3.2.5

whare m is given by tho relatienship:

K
m oS 3.2.6
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Four arbitrary constants (A, B, & and 8) must be solved
for in equation 3.2.5 before obtaining the final solution
to a particular problem. These are obtained from known
end conditions of deflection, slope, banding moment and
shear and by the successive differentiation of eguation
3.2.5 as shown in Appendix Al8, In the genexal solution

of equation 3.2.4, the cxpression e ™%

sin (mx + &) repre-
sents a sire wave with enormoue damping, Tf the beam can be
considered to be infinite, which can be shown to be the case

for dowels, the geoneral solution simplifics to:
¥ =A™ gin (mx + u) 3.2.7

This is a result of y+0 as x»=, It can thus be seon that
deflections, shears and moments disappear very rapidly along
the axis of the beum from the polnt of loadirg. The two
arbitrary comstants, A and «, of ecguation 3.2.7 are solved
for fron conditlons at the origin of the scuma-infinite heam,
and this - suld correspond to the loading at the crack face
in the carw of dowels. Blastieally supported buams may be
subdivided into short, modit. or long beams. The limiting

values for this classification are given by Hetényil?® as:

Short boams mg < &

4
Medium ocams Foeme <
Long boams me > o

where & im the length of &he peam, (or the length of the

dowel from the orack faee) and m 18 given by equation 3.2.6.
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Short beams are considerad to be rigid with respect to
the foundation. Reactions are calculated by the familiar
footing method with trapesoidal pressure distributions,
Beams of intermodinte length are considered to be Linite
beans on elastic foundation and in this caso both ends
must be considered in solving for the four arbitrary
constants. Long beams may be idealised to sem’ ‘nfinite
ox infinitely long beams and thus only two arbiwrary
constants need be solved for, ALl practical dowels c¢an be
shown to helong to the long beam category by evaluating
Hetenyi's classification limlts, and conseguently this
analysis will be adhered to for Winkler and other founda~

tion models.

Although the Winklor foundation does not model the pract-
ical dowel exactly, it does provide exact and rigorous
solutions to some engineeving probloms, such as the case
of a thin-walled cylindrical tube subjocted to axil~
symmetric loading, for cxemple. Since the Winkler
assumption of no interconnectlon botweon adjocent springs
can result in the model not yielding ontively satis-
factory solutions in seme instamees, howover, other
foundation models are consldered, pacticularly relating

to the study of the stecl dowel cmbedded In concorote.

3.3 COMBLREE ARD PARDIAL CONDINDTRY

The problem of ! Winklor modeld, of telal diseontinuity
oy foundation respense, is ovorecome mathewitically in

a numbex of ways. Complote rentinuiby is ebtained if the




defleciion line is considered to be a continuous function
¥ of the absolute difforence of the coordinates of the
point of application of the load, t, and the position,

%, where the deflevtion in produced. This is represen-

ted mathematically by:
ye= el x-g 3.3.1

This relationship leads to an involved partial differ-
ential equation and tho mathematical difficulties in
£inding practical solutions ara greatly incrcased fox this
type of foundation model. In addition to this, roscarchers
have discovered that most materials cxhibit propertics
aifforent to thoso predicted by the theory of elastic
isotrople solids. It thus becomes nocessary to formulate
wathomatical models for cases between the simple Winkler

and the complex clastic continuum types.

In the formulation of a mould ropresenting a partially
continuous foundation, Hetenys found that embedding a
sacend continuous Leam in the foundation material gave
partiol chear intercomnecticn. This model loads to an
eighth ordor differential cquation, the eight arbitrary
constants being solved for from the end vonditions of the
&wo beama. This type of foundation model has gead appli~
ecation in beam grillages hut fr not sulted to the problem
of the stoel dowol omboedded in norercte. The form of
partial continuity seught here is well reprosented by tho

Pasternak foundation modol.
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3.4 DHE PASIZRNAK FOUNDATION MGDEL

Pasternak assumes the existence of shear interactions
between the spring clements of the Winkler modelll,

This is accomplished by connecting the ends of the springs
to a beam censisting of incompressible vertical clements,
which doeform only under transverse shear. For the deri~
vatien, the vertical equilibrium of a unit ahear laper
eicrent ig considered (Scc Fig. 3.4.1). Assuming the
material of tho foundation to he homogencous and ilso~
tropic, and if the shear modulus of the material is given
by G, then the relationship betwoen shear stress and

defilection is given by:

T om (;‘.glx 3.4.1

Since unit length of shear layer is considored, the shear
force can be written as:

4y
8o S 3.4.2

Considering equilibrivm of Figure 3.4.1,

as
E +tp-gqg = 0 3.4.3
and honee the relatlonship botweon pressure and deflection

£or tho Pastornak foundation model is given by:

b ky -6 §5¥ 3044
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(Compare with equacion 3.2.1, the mathematical relation-
ship for the Winklor model). Egquation 3.4.4 rasults in
the differential equation shown below, derived in v Sauner

similar to that of the Winkler medel.

at ad
LG - 65 ¢ ok = g 3.4.5

The advantage of this relationship is that the parameter

G is caslly obtained for the foundation material considared.

3.5 THE PILONWERKO-BORODICH FOUNDATION MODEL

This model is algo intended to achicve some degree cf intor-

action between spring cloments!l, and in this cage the

top ends are considered to o connected to a constant

tension f£icld 7. Although this would be a difficult para-

meter to avaluate in terms of the foundation material, it
as good application in the form used by Johnston and Zials,

whero T wus used to represent tho tersion in the longi-

tudinal tensit sforecment.  The difforential eguation
for thie fou. dedl is obtalned by considoring equile
ibrdum of Pig. .1, whoroe
an dy
oo a% Qp = © 3.5.1
and 40y .
W e ky - q 3.5.2

From theso twe cquations, the Aiffercatis! oquation can be

topdved as followa:
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i
n:.%}.ﬂ . T,g { ¢ ky = g 3.5.3

Equation 3.5.3 can be considered te be an extension of the
Winklor nodel, taking inte account tension in the heam
structure, or in the dowel for the particular case of a

dowel cmbedded in concreta.

3.6 DHE FOUNDARION MODEL USER IN THIS DISSERTALTON FOR
THE ANALYSIS OF DOWLL ACLION 1N REINFORCED CORCKLIE
JOINTS AND COHNDCTIONS

Aftor a study of aveliable foundation models it was deaided
that the shear interactions of tho Pasternak medel hest
deseriby the foundation material of zoncrete. In addition,
any tensions existing in the dowel can be taken iako account
using the Pilenonke-Borodich foundation model. The overall
differontial cquation deseribing the clastie behavesur of
the dower:ls tosted is thus considered to be as follows,

provided consistentd dimansions arc used throughou®:

gy . feed) 4 Kb o, . oo
& el B SR 3.6.2

Bquation 3.6.1 i a combination of cquations 3.4.5 and 3.5.3
and in this dissevtation is referred to as the Pasgtornak-
Filoneuka=Borodich (PFR) foundation model. In eguation
3.8.1, concldering the use oi unlis ¥ and wm throughout,

¥y io the dowel defleetion {a funotins of x), in nm, % is
the digtance moasurod along the dowel in mm, G is the shear

modulua of Lhe eonevote pass foundation in ¥/mm®, T ia
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the tension which exists in the steel dowel in the region
of the evrack face in N, E is the clastic modulus of the
stecl dowel in N/mm?, ko is the subgrade modulus of the
concrete foundation in N/mmd, b is the diawmetor of the steel
dowel in mm and g is the loading on the dowel (in N/mm if

uniform, although a may also be zoro or a function of x).

In the vase of the stoel dowel embedded in concrote and
crossing a crack of width a, the loading en the dowel
can be considered to be a shour force P at the centre of
the crack (see Fig. 2.2.5) and g thus bocomes zero. If
the dowel under consideration erosses the erack face at
an angie §, the loads at the erack face on the dowel will

be given by:

Sheax = P.sin § 3.6.2
Moment = Z.gin & 3.6.3

Bguation 3.6.1 can be integyated and solved as a soml-
infinite beam on clastic foundation,the arbitrary constants
being obtained from conditions of shear and moment dos-
cribed by eguations 3.6.2 and 3.6.3, The solution to the
PFB differential oguatlon ylelds the following expression
fer deflection:

Jpeet-ts 2 a N
¥ %QW [ﬁ%l'- « COURX 4 2—%—- {a®=p) csinpx

+ %%T «cogfy - %%T . sinﬂx} 3.6.4
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In equation 3.6.4,
k = Rob

o G
EI

- g

@

Having selved the differential equation for the deflection
¥, equations for rotation, moment and shear cin also he
obtained for tho cmbodded dowel. Thesa cgquations appear
in the computer program "DOWEL" (in Appendix B) and are
used for the stress anmalysis of dowols crossing joints in
reinforced concrete constructlon. In addition,deflections
at the crack face fer a shear, P, can be caloulated using
the solutlons given above and these are comparod with the

experimeontally obtained load-deflection eurves.

It can bo secn that this clastic solution deals with a
numbex of the paramecters mentioned in Chapter 1.2, these

bolngs

« Conercte cube strongth, in relation to
subgrade modulus and shoar modulus of
the concreto

«Dowel diameter

*Dowel tension

«Dovwol angle
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«Dowel elastic modulus

«Crack width of construction joint.

In addition, limit analysis and ultimate loads on dowelled
connections can be investigated vsing these solutions, if
the dowel yield stress is known and the subgrade modulus
is assumed to be constant to failure (this is shown in

Chapter 4 to be a ¢lnhse approximation).

3.7 SINULATION OF FLASTIC POUNY. TONS USING RUMERICAL
IRCHNIQUES

Large frame cemputex programs can be used to simulate the
beam on elastic foundation concopt. The Winkler conecpt in
particular can be closely modelled by troating the founda-
tion as a mumber of discrete members of particular stiff-
ness an uniaxial tension ox compression. The method was
used to verify cortain of the caleoulations of the analytical
methods used in this disscrtation, but an inhoront dis-
advantage is that a knowledge of the subgrade modulus is
still necessary in order to cstablish with certainty a
suitable stiffness for the foundation members used. Never-
tholess selected outpul shown in Appendix B.2 compares
favourably with rasults of tho PFR foundation modol in

Fig. 4,4.2 as regavds defloctions for approximately similaw
loads, the olastic modulus for concroto being wvwsed vory

satigfoctorily in this case for tho foundation members.
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It can be seen that the discontinuity of the foundation
members implics that only the Winkler model can be simu=
iated in this manner. Mothods of shear interaction were
attovpted but generally proved unsatisfactory, sincc they
ecould net be related to the propertics of tho foundation
material as roadlly as wne Pastarnak foundatlon model,

for oxample, which incorporated the shear modulus of the
foundation material. The advantages are the simplicity of
tha dota programming (sco Appendix B.2) 1f the large frume
rrogram is readily available, and in addition, discontin-
uities in the stiffness of tla foundation material, such
as would be caused by stirrups, arc easlly doalt with.
However, the PFB foundation model gave mere satisfacrory
regsults gonerally, and was thus used to a groater extent

in the analysis of the esperimental data.
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It can be seen that the discontinuity of the foundation

members implies that only the Winkler model can ba simu~

latad in this manner. of shear int ion were
attempted but generally proved unsatisfactory, rince they
could not be related to tha properties of the foundation
material as roadily as the Pastornak foundation model,

for example, which incorporated the shear modulus of the
foundation material. The advantages are the simplicity of

the data p ny {sce Apr x B.2) if the large frame

program is readily available, and in addition, discontin-
uities in the stiffness of the fwundation material, such
as would be caused by stirvups, are easily dealt with.
However, the PFB foundation model gave mere satisfactory
results genorally and was thus used to a greater extont

in the analysis of the experimental data.
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CHAPRER 4
THE LABORATORY TEST PROGRAM AND THE COMPARISON OF

EXPREIMENTAL AND THEORRIICAT RESULTS

4,1  DHE DSTAl LSHMLNT OF A SUBGRADE MODULUS VALUE FOR
CORCREXE

Although the tosting program commenced with tests on the
crackad~beam speclmens shown in Fig. 4.2.1, it was inter-
rupted by a series of tests on cubes to establish a concrete
subgrade modulus and by so doing ko prove that the theory
devoloped in Chapter 3 could be used in the analysis of
dowelled connections in rxoinforeed concrete. It was felt
that variations in subgrade modulus given by Friberg?,

for example, w-re 50 large as to make it impossible to
apply tho thedry teo the test resudis. In addition, the
value given by Johnston and #iz!< wes applicable only te
the dowal structure of reinforced concrote boans and not

to the dowelled jolnt under study,

The subgrade modulus rosults from a very loeal sub-dowel
prossurc-~defleetion phonomenon and for this reason it was
agsumed that the main varioble affccting it would bo the
erushing strongth of the genercte used. Tho bar dilameter,
b, iz taken into account in the analysis hy the introduce

tion of the adjusted gubgrade modulus k, where k =

tab,
kg being tho true subgrade madulus. Phe variation of sub-

dowel cover dupth was oypectod to have little offcet on



most practically dimensioned joints. £his was in fact
found to be the case for the specimens considered and

wag also vorified by the theoretical deotermination of the
subgrada modulus using equations advanced by Terzaghi??,
The implication is that for the specimens considercd in
the tost program, and ulse for the range of dowel Adiameter
to concrete covar ratlos likely to Le encountored in
practice, the subgrade modulus will be a function of the

gingle variable, the cube strength of tho concrote.

In order to cstablish a relationship betwoen subgrada
modulus and cube strength of concrete, tests warxe conducted
on specially propaxoed cube specimens using the Amslox
hydraunlic testing machine. At tho time of tho casting of
the cubes, short, straight lengihs of rild stecl roinfore~
ing red wore sot into the upper surfaco of sume of the
cuhes, othere being crushed ac normal for control purposas.
On average the bars were aeout 80 mm in longth and they
were casht into the conerote of the cubw as shown in Plg.
4:1.1, the concrete boing of tho mix design deseribed in
Appendix €. Sinee the subgrade modulus is esscontially a
sub=dovol phenomenen it was felt that the value obtained
£rom theme speeimens eould ho applied direetly to the
fully cmbodded dowel of the erucked~beam speoimens.  Six
and ten millimelre diamoter stecl reds wore used, but the
true hoaring widths were usually betwoen half and two-
thirxds of the rod dlametows, resuliing in boaring arcas of

tho magnitude given in Table 4.1.1. Pressure was applied

te the sub-d 1 conureto bl h tho short dowels by
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meang of the loading placens of the Amsler machine. Aan

advantage of this pariticular testing machine is that the
upper loading platen is sprung and able to tilt, ensuri.y
an oven distribution of pressure over the full length of

the mild steel bars cmbedded in the concrete cubes.

For cach cube tected in this mannor, load-deflocticn eurves
{#~§ curves) wore plotted and resulting subgrade moduli
were recorded against cuba strongths obtained from standarxd
cubo fests belng run concurzently (sce Table 4.1.1). The
load was measured directly £rom the Amcler dial and the
deflection was obtained from the readings of twe Mitutoye
mechanical dofleetion gauges, placed dlametricolly opposite
one another on the Amslor loading »latens. Charactorigtic
curves for tho tocts eonductc® An <his manncr for congrete
cuhe strengths 12 MPa and 34 MPa are shown in Pigs. 4.1.%
and 4.1.3 vespeetivoly and a summary of all tosts is given
in Table 4.1.1. In order to oltain & recalistie value for
the sub~dowel prescura cxperienced by the concrote ef the
cube, the steel bar bearing area was measured aecuratoly

on complotion of the test program. The value of thu sub=
grade modulng was ebtuincd from the clastle sene of the
lead defloction curves cntablished by toest. For tho PFB

foundation modol tho prossure-deflcetion relationsbip is:
a
b = oy - (Ger) Gk 4.1
If curvature is conaidered te be negligible for those und=
{formly loaded short dowels, then the cquation ean be
weitton as:

P = Koy 4.%.2
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For the tests conoidered, if the load recorded ls given by
P, the length of the steel rod by L and the actual kaoring
width by B (vhore Beb), then the value for the subgsade

modulus ean be gaven ass

R S 4.1.3

In cquatien 4.1.3, % ig the slope of the load-deficction

curves obtailned from tosts.

The ultimake leads taken by these ghert dewels are a gead
indication of the magniluvdo of the subw-dewel prosoures to
be oxpeected at failure in actual straetures, altheugh
more reprosontative values are ebtaindd in the erached-
beam tests. Nevertaeless, 4t L5 evident that cub-dewel
presowres ak fallure ecan be oxpeetud te be sepewhat higher
than the oube strength of the cenciote woed (sco Chaptor

5 for a more detailed study).

Beforce presenting a statiotical ovoluntden of the exporie
montal data, censideration in alvon 1o a theerctieal value
for oubgrade modulug that eould be eupoeted for the speeimens
eoncidered, in erder te obtain an idca of the validity ef the
sube teot program and the likely strueture of the mathematicnl
funetion relating subsrade maduilug and cube astrenglh of eon=
ercke.  Tereaghlt? eonsiders the easc of geltlesent en the
purfoec of a scmi=infinite solid due Lo a vertical peint

lead on u finite area, Aoswming the soldd to ho perfeetly
alagtie, tho luw of superposition of otress and stvain is
valid and heneo . fotiloment due to a load on a findto

agoen ean bho vomple .l sy integratisn (as firgl performed by
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Newmark in 12350 of the hasic Boussinaey oquations for
gtrosccs under a point load. This integration yields the
olactle sotblemont Ay under the contre of a uniformly loaded

area of width B and length L o bo:

8 = I, 4104

In eguation 4.1.4, g is the pressure on tho looded area,

v and E are Peisson's catio and tho clastie medulus regpeet-
ively of the foundation material and I, i a funetion of the
nen=dimencional pumber &, where & © % (aoe Anpendix Al2)

For the steel bars wonoidered 2 was in the reglon of 20 and
B wag about 4 to 5w, A small inorcase in B xeculto dn a
correcponding deercase in I, and since tho deficetion is
dependent on the produet BI,, veoults ebtained Lrom
caquakien 4.1.4 are net vory consitive te gmall changos dn

B. For typieal teat gpeeinens, I, was saleulated te have a
value of about 1,5. Peisgen's ratio was assumed to be 6,2
and cematant for the elastic loudang eoncidercd. Equatlen

4.1.4 eould thus bhe reseitten ao:
q R - -
3, " 1 Wmenty) 438

Sineo %T roprogepts the subgrode wadvlus ks, the following
¥
apprexivute rolatienuhdp wao oantablished from eguation

41 5, using typical values for the spocimens conpidored,

v ¢ 1.1.6
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It would thus appeav that tho subgrade modulus ig rolated
directly ‘v the solastle medulus of the foundation maverial
{scoe cguatien 2.1.8). It must he notad, however, that
equation 4.1.6 reforc particularly to the somi-infinite
foundation, whi-h L5 not the case fer the eube speeimons
econgidered, where the lower loading platon conld ho treated

ac a rigid base.

moxzaghi conciders the eauc of acttlemonts on the surface.
of an clagtie layer reating en a rigid base in a methed
gindlar te that deovribed for tho somi-infinitc foundation
sane. Por thic cuso the g-+tlcment under tho ecntro of the

leaded area 45 givon byt

by = iqn {(1-“5‘)&: * (1-u-2"5)vz} 41,7
vhere the aymbolp ave ddentieul to thoeco in cguatien 4.1.4
and in additien Py and Py are fupctions of tho two dimen-

I
gionleso nuwbers & and 4, whore § = % and 4 © .‘.%.

B, the depth of the elastie luycr econnidered, varied from
50 mm to 160 mm.  Peor D o 56 mm, and Laged on steel wed
eizoa woed in tho gemi-infinite founda!den eace, tho F
{funetiens worc caleulated to bo approximately

Py © 1,0

and Fy & 5,0
{aee Appondis A.2)
Por the easo ef b = 100 mm, theso fanetions were approxi-
matolys
.

Py o4 1,4
and Yy & 3,4
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Using a technigne sirilar to thot deseribed for the semi~
infinite £oundation, tho values fos subgrade modulas wexe

caleulated to Lot

T R 41,8
ko & i 21,0

1t 4o apparent from cquations 4.1.2 and 4.1.9 that cven
fadrly large differcnecs in elastie layer dopth have enly
a small effcet en the value for subgrado medulus, This wad
supstantinted by touts ond sinee in most practical dowelled
joints conerete curfaces will not be eong*rained by rigid
supports,the variction will beeome oven leos significant.
an averdge of thooo two cguationn would thus appear te give
a rearcnable value £rem the teot prograts, and the rolatien-

ship is thug best qiven by:

kg 4.1.10

Ho
=

€p 13077 glves an approuisate relatienchip botween short
bocn . ttatie modnlvs of clastiedty fer novmal weilght eon=
ereto und ito cube erushing strength ag sheva in Table
4.1.2, finee the range §s given ag boing 2 4 te § 6Pa,

it can bo assured that the clastie modulug 48 roluated teo
the eube strength by a gquadratie enponential, wsing a
least cqnaren £it, witheut tho introductien of signifieant
errora. Frem the informntien prevent-xl in P 110, iF the

general mythematieal -~ lationchip ‘s acuumed Lo bo



RELATIONSHIP BETWEFRN CUBE STRENGTH AND ELASTIC
MODULUS FOR NORMAL WRIGHT CONCRETE GIVEN IN CR 110

Cuhe Crushing Modulus of
Z ncro&g—%—b;_l’ﬂ) %%EAX
20 25
25 26
30 28
0, b
50 34
60 36
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B =cy AT

—
[1m2
where ¢; is given by ¢ = ET»—:TZ, then the f£ollowing

approximate relationship hoids (both properties being

measuxed in MPa):
B = 4300 Vi'g 4.1.11

From cguations 4.1.10 and 4.1.11, the mathematical relation~
ship between subgrade modulus and cube strength of concrete

can be written as:
kg = 140 /75 4.1.12

In eguation 4.1.12, ke will have units N/mm3 or MPa/mm and

£'¢ will have units MPa.

From the rosults of t:» cube tests (shown in Plgs. 4.1.2
and 4.1.3, and summarized in Table 4.1.1), it is apparent
that a relationshi, simitar to equation 4.1.12 can be
established, also using the least squares method. In a
manner similar to that uwged above, the relationship
establiszbed from the data glven in Table 4.1.1 can be

given ast
ko = 120 VEVg 4.1.13

which appearxs to havo failrly good corrzolatlion with eguatlon
4.1.12, {the same units being used). Although the number
of tasts perfoxmed wos insufficiont to give a conclusivae
relationship, and in spite of the fuet that paramoters

such as har diamctor nnd‘suhqrada dopth do have a slight
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effect on the value for kg, an average of eguations 4.1.12

and 4.1.13, giving
kg = 130 ¥F75 4.1.14

is found to have very good correlation with results obtain-
ed from the cracked-beam tests, when applying the PFB
thenry to the resultg., It is thus eguation 4.1.14 that is
ultimately used for the detailed analysis and cvaluation
of the dowelled comnection test series, and which is zo-
commended as a reasonably realistic value for practice
(Fig. 4.1.4 shows this curve superimposed on test vesults).
It may also be noted from the shape of the load-doflection
curves for subgrade modulus (seo Figs. 4.1.2 and 4.1.3)
that the valuc may be agsumed to be almost constant up to
the failure prossure, which will invarieuly be somewhat

higher than the cube crushing strength of the concrete.

Following the cstablishmont of a roalistic subyrado medulus
for conmcrote, a thooretical evaluation of the cracked-beam
specimen tests bocomes possible.  The various paramcters
considered in those tests are grouped as far as possiblo
but the nuboer of variables invelved complicated thils pro-
cedure Lo a large oxtent. The eracked heam specimen tosts

{ox tosts on true dowelled conmoctions)are thus as follows:

4.2 TESES ON FHE CRAGKED~BUAN SPECIMENS: AN INTRODUCTION

A banic prevoguisito of the dewelled eonncotion test
program was that thu apparatus developed had to be designed

in such o way that the cffccts of all the parametors dis~
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cussed in Chapter 1.2 could be investigated. In addition,

it was congidered impertant that an attempt bo made to

simulate slab-onto-wall co ions asg roced in silo
construction, for oxampla, sSrce spalling of concrete cover
could ba an important factor in the design of this type of
joint. 7This would alse bho true in the casa of a pavement
joint (see Fig. 2.2.5). Test speeimens of the type used
by Hofbeek et al and later by Dulascka (seo Figs. 2.2.3

and 2.2.4) wero climinated on these grounds., The specimen
type eventually considered tw hie most suitable was a beam
of 101 mm by 101 mm ¢rass-section and spanning 250 mm bo-
tweon preformed artificial eracks, provided that the outer
portions of the beam adjacent te Lhe cracks could be held
encastrr ny suitably Qesigned clamps to simulate the effect
of and~fixity of a wall, foxr oxample. The specimens used
for the tosts on dowels crossing reinforeced conerete joints
were thus of the form shown in Fig. 4.2.1. Approximotely
fifty sueh specimens wore tested, varyiag the parameters
discussed in Chapter 1.2, Control cubo tests werc xun con-
currently with these tests, since cubo strongth was a
major paramoter affocting the porxformance of the dowelled
joint. fTho concrete used for all tests was designed to
have @ cube erushing strongth of 30 MPa at 7 days, whieh
was generally the time of testing unless the paramotor
being invastigated was the eoncrote strongth itseclf. Ropid
Hardening Pertland Coment was used in tho mix design to
obtain quiek strength and thus speed up the testing pro-
gram. Details of the conercto mix appear in Appondix C.

8ix and ton nadlimetre diametor mild steel dowels woro
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generally used in the cracked-beams, although later tests
included the ugse of high tonsile stcel round dowels. The
artificial crack foumexs were made of three materials. TFor
crack widihs of 6 to 8 mm, polystyroenc foam was used and for
crack widths of 3 mm to © mm, mild steel formers were uzed
{ap shewn in Pig. 4.2.2), these boing used in conjunction
with well odled otiff paper for zere crack widtha. Dowels
weroe held in potltion by the erack formers at tho time of
castirg, the Vee=Beo machine hedng used for good compactien.
The exack formers wore removed when the moulds wore stripped,
usually 24 hours after casting and speeimens were cuxed  in

a water bath until the time of tosting.

The leading syoctom on the beams, indicated in Pige. 4.2.)
and 4.2,6, was deeided upon to give ag pure ghear acxoss
the exack faeo as poegsible without causing leeal come
prossien in the eoncreto in the vieinity of the jeint or
interfering with tho eporatien of the LVDP's(Lincar Vari~
able Differential Transfoxmors), Loodlng was applied at a
f£ixed rate fer all tests, using the Macklow-8mith hydraulic
teating maehine of 340 k¥ eapaeity, shown in Figa. 4.2,3
and 4.2.4. The output £rom cach eracked-beam tost was in
the form of a lead-deflection ewrve, pletted ontographie=
ally en the Watamabe X-¥ Reeorder, shown in Fig. 4,2.5.
Poxr this purpone, uue was made of Q 20 kN capaeity Ryowa
lead eoll and two LV 'a, one situated at cach ervack faee,
4he mean defleetion bedng reeorded. A cheek wag Repk on
wutographie plots hy mechanieal Mituteye gauges (soo Pig.

4.2.6) Theao were alse used te meagwes defloetions which
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were groaker than the linear range of the IVDT's (this

being approximately # 1 mm - see Appendix D).

The iarge number of parameters was tested by 13 test series,

a susmary of these serics boing given in Table 4.2.1.

4.3 DRE BBASTIC MONBLYUT AND PRE YTELD OPRPEC OF THD
DOVELE DUED IN PHE CRACKED=JLAM TRSVE

In aduition to the reguirement of a realistie value for
genercte oubgrade medulus for the eonercite of tho cracked-
beam specimen, values for the clastic medulus and vield
gtress had to be cstablished with roasosable aceuracy for
the steel dowels aced, in oxdey that the theory estublished
in Chaptor 2 could bo used offcetively. For this redson a
aumber of 6,35 mm and 10 mm mild steel red opecimens were
subjocted to undaxial tensile tests, using the Maeklow-

Smith hydraulic testing machine.

Tho charactoristie eurve obtained frem the mild gtoel bax
test sordes {0 given in Fig. 4.3.1 and from this eurve the
fellewing valnes were wsed for the clostie modulus and
yicld glress of these mild otoel 6,35 mm and 10 mm diamoter

dowils:

Blastic Modulus 210 G6ra
¥ield sureon 280 Hra

Righ tensile steel round hars ef 6,35 wm diamctor wero
wged in loter tests and the charactoristic eweve for thoge

dowels e ghown in Pig. 4.3.2, Frem this ewrve tho
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fellowing properties were established for high tensile

steel dowels of 6,35 mm diamoter:

Elastic Modulus 210 GPa
Fallure Stress 540 MPa

The values given above were then used in the application
of the PFB foundation model to tha cracked-beam teost

resules,
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following properties were established for high tensile
steel dowels of 6,35 mm diamotoer: i

Elastic Modulus 210 GPa

Failure Stress 540 MPa

The values given above were then used in the application

of the PFB foundation model to the cracked-beam test i

results,
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4.4  SERIES 1 : TESYS ON SPECIMENS MAVING A 6,36 mm
MILD STEEL DOWEL ON THE BEAM AXIS

The implicaticic of large concrote cover is that the expect-
ed mode of failure woul@ be yielding of the mild steel dowol
{probably in conjunction with locai crushing or plasticity

of the gub-dewel ) before eracking and £ e of

thae concrato cover coeurs {(sce I'lgs. 4.2.7 and 4.2.8). The
6,35 nm diameter dowel was situabed on the boam axls for
this test serics and the loed applicd through bright steel
rod loading platons, using the Macklow-Smith hydranlic
toseing machine. The crack formers of polystyrene foam
wero chipped out at the time of stripping of the moulds

and thoe beams were then tested at 7 days. The cracked-beam
specimens wore loaded te failure (or yield) and the follow-

‘ng paramebers were all constant for this test series:

Concrote cube stxength at approximately 30 MPa
Dowel diamctor 6,35 mm

bowel angle 90° (nermal to crack face)

Crack width 8 nm

Conerete cover 47 mm (From this it follows

that the ratie LuLwecn cover and dowel dlameter,
Aoy 48 7,40

Very congistent rosulis wera obtained for tho series of
beams tested in this wamner and tho charactoristic load-
dcflection curve. for a concreko eube streongth of 30 MPa,
is given in Fig. 4.4.1, Detalls of individual tosts ave
tabulated in Table 4.4.1, togeother with those of the final
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characteristic curve for 30 MPa conctrete. A theoretical
evaluaticon ol those tést results was obtained using the PFT
foundation model in the computer program "DOWEL" (sec
Appendix B.1l). The valuc for co+zrete subgrade reaction
used in the analysis is that established in Chapter 4.1,
Pypical printouts for data corresponding to that of the
characteristic cuxve are included in Figs. 4.4.2 and 4.4.3,
and the corresponding values for mewent, shear and concrote
sub-gowel prossure alonyg the dowel axis are plotted in Fig.
4.4.4,

fhe cxporimentally obtained characteristic load-deflection
eurve comprises the following main portions:

The curve is porfectly clastio up to peint A and the value
for slope obtainea frem the program "DOWEL" hag extroemely
good correlatisn with the oxporimentally obsorved valuw as
4z cvident from Table 4.4.1. At A, the limit of clastivity,
the PFB theory still holds and the predicted shoar lead
causing the extreme £ibwe stress in the mild steel dowel to
approach 250 MPa comparce well with the obscrved Llimit of
elagticity. From point A, incrcasing the lord causes
yielding of tho dowol cuter fibres until ot the idealized
point of yicld B, it is assumed Lthat the milq stecl dowel
hags yielded eomplotely, and the folly plastie woment of
resistance of the dowel has buen develeped. Associated
with this yielding of tho stecl is somo lueal mrushing or
olasticity of tho sub=dowel concrotoe. XL this phenomenon
is assumed to have a small cffect on the overall shape of
the sub-dowel pressure diagram, then kg remains approximate

oly constant up to the yiold loud at 8, and the PPFR founda=

|
|
1
g
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tionrodel prodicts the yield load which will give the dowel
fully plastic moment of resistance to within 15% of tho
experinentally obscrved value*, From point B thore appears
to be a further increasoc in load-earrying capakility of the
dowelled djoint. Thie ia almost certainly a result of the
suspension effoet of the mild steel dowels, which now cavey
Joad in a catenory fashion. Extrome yielding of the steel
dowel occurs before the eencrete cover finally eracks, tho
load carricd by the joint ot this stago being 4n the region
of 7 kN and the relative dcficetion of the crack Facos

arout 20 mm {scc Pig. 4.2.8).

The uitimate mode was thus o yiclding of the mild stecl
dowel prior to brittle fracturc of the conercte covex. If
the subgrade medulus curves aro idealized as in Pigs. 4.1.2
and 4.1.3 then theory predicts sub~dowcl pressures of
approximately 2.4 times tho eonercte cube streongth fo1 the

load cauvsing full yiclding ef the mild stecl dowelo.

The goneral chapce of the load-defleetion curve (up to a
erack deflection of about 1 rmm) ecompares very well with
rogults of tests on reinforved conerele beams by Krofeld
and Thurston (sod Pig. 2.1.2, cpocimen number € in parti-
cular). In addition the yileld load obtained experimentally
is fairly closce to the valuo measurcd by Dulacshka, who
used speeimens of a considerably diffurent type, ags shown
in Pig. 2.2.4.

*  (8co Chaptor 5.2 for a more dotadled aceount).
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4.5  SERIES 2 : TBITS OF SPECIHMENS RAVING A €,36 mm
MIGD STEEL D .pL WIZH SHALL COVER

The oxpocted mode of fallure for this tect sories is
fracture of the concrote cover prior io the fuliy plastic
mowent of reoistance of the mild stec?! dowel boing attained.
Two typical specimens, each naving a single dowel, but one
having 17 nm of conercte and the othor 12 mwm cover, were
tested in this sories. The load-deflection curve, for theso
two cases are given in Pig. 4.5.1, and are plotied on the
same systom of axes to give an indieation of the develop-
ment of tho carve with incredsing cover. The crack width
vag kept constant at 8 mm and congoqueontly the oxiaek
formors were again polystyrone foam wafers. The prineipal

pavanctors kopt constant fur This test sories woroe:

conerebo cube strength at 27,8 MPa
powel, diuncter 6,35 mm
Dowol angla 30°

Crack width 8 mm.

The experimentally ebtained load-deflection curves cemprised
a puwber of basic scetdens:

As in Series 1, the cuxve is elastic up to point A and
although the sub-dowel depth ig substanvially loss than
that for the specimens used dn Seories 1, ihe slope is
practically identdeal, verifying the assumption that the
concroto subgrade modulug is not gengdtive to sub-dovol
foundation doptha and is lbus approximately a function of

the single variable, cube sirength of the concreto, in the
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elastic range. As can be seen £xom Table 4.5.1, which
glves a comparison between oxperimental and PFB predicted
results, the correlation is good in the elastic zone. The
predicted load at A, the limit of clasticity, also compares
very well with the experimentally obtained valuwe. With
further increase in load from polnt A, the curve changes as
a result of the combined cffocts of yielding of the dowel
extreme £ibres and local crushing of tue sub~dowel eoncrote.
Failure occurs at B before the fully plactie moment of
resistance of the dowel has been attained. This is verified
by theory, which predicts moments in the dowel less than the
fully plastic moment for the experimentally obitained failure
loads. For the case of the specimen with 17 mm cover, the
moment in the dowel approaches the full yield value (for the
load of 1,6 kN), and it would thus appear that a “"eritical

cover" can be obtained.

Foxr given constant parameters of concrete cube sicength,
crack sldth, dowel geomctry and dowel material, there exists
a cover to dowel diameter ratio, {dg) crit, Such that the
fajlure load for the dowellied connection coincides with the
yield‘load. For the paramcteors ce'. ‘ered in Series 1 and
2 it would appear that a valuc of {(i¢,epit of‘approximatoly
4 can be applied and a design critorion would thus be that
the cover provided to the dowel should be such that dg
oxcoeds the value of 4, {this coneept will be dealt with
more thoroughly in Chapter 5). fThe failure modes for the
specimens of Scrles 2 wore thus brittle fracture of tho
conerete cover, and the ratios, dy, of 2,7 and 1,9 rospect-

ively indicate this mode of fallure (both being less than
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4). The sub-dowel concrete pressures at fallure are 61,6
MPa and 51,6 MPa for the 17 mm and 12 mm cover spocimens
respectively, and are still in excess of the cube strength
of the concrete used, in spite of the fact that the cover
was small. The failure loads reocorded are substantially
lower than those of Sorics 1, and conscguently lower than
ultimate loads predicted by Dulasska, whosc specimens

specifically recorded “yield type" fallures.




8y

4.6, SERIES 3 : ZEGTS ON SPECUILNS HAVING $RHO 6,35 mm
NILD SYBEL DOWEBLS

In order to establish changos in clastic behaviour of a
dowelled joint with incruasing number ol dowels crossing

the cvack face, a test series having 2 dowels was undortaken.
In addition, load~carrying capability of the joint after
£irst cracking of the cover to the top downls was also
studied, in order to establish tho overall increase in
safelty of this type of joint over the type tested in Series
2. Two 6,35 mm diameter mild steel A_wels were used in each
specimen; one at the top and the othe. at the bottom of the
beam section. The two spocimens tssted in this series had
covers to the top dowels of 17 mm and 12 mm respectively,
giving a similar configuration to Scries 2 spocimens. The
schematic elovation of the specimon is shown inset in Fig.
4.6,1. Crack widths were again B mm and the crack formers
ware thus polystyrene foam. The load~defloction cunves for
these joints are given in Pig, 4.6.1 and the parameters

kept constant were:

Concrete cub strength at 27,8 MPa

Doweld dlamctors 6,35 mm
Bowel onglos 90°
Crack width 8 mn

The load-deflection curves obtained oxporimentally were

found to comprisc the following scetions:
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The part up to poink A is linearly elastic and it can be
seen from Table 4.6.1 that the slope 1s very close to twice
that of the curves in Series 3. This implies that for a
multi-dowel joint subjected to a shear force only, cach
dowel 2an be assumed to carry an equal portion of the total
ghear and ecnsequently cach can be analysed using the PFB
foundation model by substituting tho relevant shear force.
This would probably still be the casc for a joint subjected

to a substantial honding moment in addition to the sheax,

which would cause tensions and comprossions in different
dowels,; since these forces can be considered in the analysis
if thoy cun be evalusted. At A, the limit of elasticity,
the PFB foundation model predicts loads slightly higher :F
than those recorded experimentally, the error only being in
the region of 108 howaver. From A, a further increase in
load xesults in the yielding of tha oxtreme fibres of hoth
dowals, aguin probably associated with a small amount of
loeal erushing of the sub-dowel concrete. At point B,
first shedding of the concrete cover occurs (at one of the
crack faccs, that is), but it can bo seen that a recovery

in load-carrying copability oceurs, so that there is aven-

tually @ further incwease in lead to the point of eracking
of conextte cover ak the other crack faca (at €). The
reagon for this ilnercase in load is that t'.e lower dowols
arc carrying load in a manner similar to the specimens in
Sexdes L and thus the failure mede is net catastrophic e
is the cagse for Scrice 2, For the samg roasen sub-dowel
prossares at first failure of vop cover are slightly higher

than thooo for Series 2, as can ho ccen frem a comparcison
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of Tables 4.5.1 and 4.6.1. These differences of pressure
are not significant and the prineiyal advantage can be zeen
to be in the post-cracking stage. An oxtrapolation of
these curves (had failure of the cover not occurred) gives
the predicted load at yiecld approximatcly twice that for
gexias L, and Lt can thus be scon that hoth stiffness

and yield load axd doubled whon the number of dowels is
doubled, provided both dowels have de larger than the
ecritical value - takon to bo approximately 4 (the cube
strongth of the concrote is not significantly differont,

and the crack geometry is identical, to Sories 1).
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4.7  SERIES 4 : PEODE ON SPECIMENS HAVING £ 10,0 mm

MILD SPBEL NOVEL OF INE BEAN AXIS

This serics of tosts was undertaken to comparc performance
of dowels of varying diametor, and to verify that the PFB
Eoundation model was still applicable. In addition to the
necessary comparison of the rosults in the clastic zone,
relationships between dy ratios and pressures on the sub-
dowol conerate at failure could alse be compared as a
choek on the validity of the concopt of thoe critical value
for de. Tho 10,0 mm diametox dowel was situated on the
beam axis for cach gspecimen and the ratlo, dg, was thus in
the order of 4,5. If tho critical value of 4, cstablished
in Chaptor 4.5, is considercd te be correet, it would
appear that Iull yieldint of the dowel occurs just before
crocking of the cover for these speecimens. This is in feck
substantiated by this test sorics - the rosuvlts boing asume
marized in Table 4.7.1 and the characteristic eurve being
given in Plg. 4.7.1. Crach formers were again wolystyrene
foam, and tho paramotors kept constant for this sexies

wore:

Conercte cube strength at abeut 30 ¥Pa
Dowel diasmebor 10,0 rm
bowol anglo 90°

Crack width 8 mm

Tho characteristic lead-doflection curve can bo @eseribed

as follows:
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Up to point A the curve is elastic, and the PFB predicts
tho slope to be slightly lower than the uxperimentally
observed value as can be scen from Table 4.7.1, The effect
could possibly be a result of a slight increase in subg-ade
modulus value as discussod in Chaptor 4.1 (see equation
4.1.4), but as the results fall within 153 of the experi-
mental values the tlcory is stil) considered to be applic-
able. The load at the elastic limit dotermined experimen—
tally is slightly lower than the PFB foundation model
prodicted value, indicating that therc is not a general
trend for the theory to underestimate rosults for bars of
larger diasmeter. After point A, the curve again becomes
non~linear owing to tha cffocts of dowel yield and local
foundation crushing and the yield load at B is well pre-
@icted by the PFB model. With only a small increase of
load from B, shedding of the concrete cover to the 10,0 mm
dowel ocours. The failure load of §,59 kN, oaly slightly
higher thar the yield load of 5,95 k¥, indicates that the
concept of critical cover to dowel diametor ratio, dg,
could have general applicatien (at this stage for congtant
crack width of 8 mm and conercte cube strength of 30 Mpa.
I% tho cover to the 10,0 mm dowcl wore increased, it can

be scen from the extrapolation of the stralght line BC in
Pie. 4.7.1 that the curve would have the same gomeral shape
ag that of Series 1. The ackual shape of the experimen-
taily determined load-defloction curve comparee well with
tha shape of the cuxve obtained by Krofeld and Thursten for

Spaciven 7 in particular in their test series.
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it may be noted from both Table 4.4.1 and Table 4.7.1 that
the predicted yield load uwsing the PPB foundation model
falls slightily below that recorded experimentally (although
predicted values using this medel compere very well with
those given by equation 2.2.2 - Dulacska's eguation).

This is the result of the usc of the elastic modulus of
stecl in the post-yield stage, The substitution of a re-~
duced moiulus would be more correct owlng to yield of
extreme fibres and this does in fact give results closer to
the experimental values, $ince the PFB results are not
sensitive to changes in elastic modulus of the dowel, how-
ever, the analysis using the clastic medulus at least gave

approximate guide lines (goe Chapter 5.2}.
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4.8 SERIES 5 : PESUS ON SPECINERS HAVING A SINGLE CENTRAL
6,38 mm MILD STEEL DOWEL, AND VARTABLE CRACK WIDIN

The principal reason for this tost scrics was the verific-
ation of the PFB foundation theory as the crack width pro-
ceeded from § mm to zero, the crack width likely to be
encountered most often in practice. Tests »n spacimens of
zero crack width were not as reliable as other inseg, since
it proved difficult to eliminate friction completely from
the erack faces of the beam specimens. On tho other hand,
an extrapolation of rosults from tests on specimens with
crack width greater than zexo, to give cxpected rosults for
zero crack width, gives a good indication of friction
effects for the specimens used, when compared with actual
experimental results. The 6,35 mm diamcter dowals wore
situated on the beam axis for this test series and in
addition to using polystyrenc oruclk formers, mild steel erack
formers {as shown in Fig. 4.2.2) were used for tho 3 mm and

zere crack width gpocimens.

The procedure was that the openings in the mild steel crack

formers were filled with a waf:r of polysti--rene foam, taped

to the stoel, and tho dowel then passed through this poly-
styrene making removal of the erack formers possiblc at the
time of ntripping of tho moulds for the 3 mm erack wildth

speeimens.  For tho spocimens with zero evack width, the

bean centre portion was cast first, using the erack formers
as meuld-cndy. - Ther 24 hoars the mild cteel formers woro
romoved, and thin, stiff, w!l oiled paper was placed ovor

the expoced conorote surfac. vintaining the protruding dowel.




1c0

The beam ends wore then cast around this protruding dowel
against the oiled surface, using a slightly compensated

mix so that the homu had an approximately uniform concrote
cube strongth at the time of testine of 7 days. The average
cube strength of 6 cubes (3 from cach mix) was used in the

analysis of these specimens.

The specimens vere loaded to yileld using a two-point load-
ing systom as before and the paramoters kept congtank for

the tost series wore:

Concreta qube strength at about 30 MPa
Dowel diawcter 6,35 mm
Dowel anglo 20°

Conerete cover 47 mn

The variatien in the load-deficctlon curves is shown in

Fig. 4.8.1, whoro the results for 8 mm, 6 mm and 3 me arack
width spocimone arc compared, by plotting the results on the
same axes. Thoe variations in slope, clastic limit and yield
load with changes in erack width are compared with prodicted
PFB rosults in Table 4.8.1. The correlation obtained is
gonerally good (although the experimentally observed slope
of Specimen 3 soemed semewhat lowor than cxpecy xd) and the
variation in joint chavacteristics of stiffncss and uléd~
mate load capabilitics with varaution of crack width appear

to be well modelled by @ PR feandation.
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Having established that the PFB foundation model epplies

to all these curves, the mathematical model is used to
extrapulate the oxpected values of slope, clastic limit

and load at yicld for a specimen of zoero crack width ~nd
thege values arc compared with the exporimentally obtained
values in Table 4.8.2. The graphical comparison is shown
in Fig. 4.8.2. It can be seen from this comparison that
even though the concreto surfaces wore well olled and care
was takon to onsure that they were siraight and did not
bear on one anothor, a significant contribution from fri=~
ction is prescnt (PFB predicted results are generally 85

to 750 of the exporimental values)., This implios that con-
structio. joints designed on the basis of zero crack width
and no friction will be consesvative, provided no shrinkage
(the #al or otherwisce) oceurs that might cause soparation
of the concrete surfaces. On the other hand, the attachment
of hrackots to preeast conerete alements could he designed
using the wera oraek widih prine sle, neglecting friction
cifooty, <ign of bolted or riveted stecl connoctions
follown prineiple in this reogard ~ the friction ¢
the steel plawes gonerally being wegloctod and all shear
considered to bo transforred from plate to plate by the
shear astion ef thie bolt or rivet cluster (exeept in the
case of “"frliction-grip" bolts). The fundumental diffcrence

would bo that wher

i thoe sheer stross in the bolt gonerally
controlr in the cuno of Lhe bolted siocl connmction, shoar
ghresaes aro gonorally dnsignifieant in dowels oroasing
rinforsed coneretn jolits - the contrelling stresses being

bonding in the dowel wr sul i B Qi
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4.9  SERIES 6 : IBSLS ON SPECINENS RAYING A SINGLE CENTRAL
10,0 mm MILP SPEEL DuNEL AND VARIABLE CRACK WIDTU

As for Sories 5, this test sories established the validity
of the PIB foundation results with variation of crack width,
but in this case investigated consistency with increasing
dowel diametor as well. In addition, falluxe modes(crack-

ing and spalling of o crete covar) could be Ilnvestigated

in this scries, since a dg ratie approximately equal o the

critical value meant that tho failure of the cover would
occur at about tho yield load and could thus he rocorded
cagily., It was noted in this test serics that beam speei-
mens of zore crack width again oxhibited incrcased stiff-
ness and yield loads, owing to friction cffects of thae
conercte suxfaces, Crack formors were used in an identical
manncr Lo Serics 5 and agaln care was taken to ensure kthat

there was minimum £iiction on the shear interface.

The specimens were loaded to faillure of the ecaver and the

parametors kopt constant for this tost serles wera:

Coneroto cube plrenghh approximately 30 MPa
Dowel diwmcter 20,0 mm
Dovel angla 90°

Conerote covey 45 rm

The vardation in load-defloction curves with varying crack
width iz shown in Fig. 4.9.1, where results for specimens
with 8 mm, 3 omoand zovo orack widih spucimens are compared.

A summary of test reeulta in Tavle 4.9.1 indicates the
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correlation between experimental and theoretical results,
and this is generally good for the specimens having a
crack width greater than zero, but the PFB foundation again
predicts slope of the elastic zone and yield load less than
the valueg obtained experimentally for zero crack width
specimens {(an exception is that the elastic limit appears
to be well predicted). It is interesting to note, however,
that although the failure lead increases overall with de-
ereasing crack width, the yleld load exceeds the failure
load slightly for the zero crack width specimen, whercas
the reverse is true for the 8 mm crack width specimens.
This .s reflected in the general change in shape of tha
load~deflection curve as the crack widvh decreases (see
Pig. 4.9.1). In addition, the relative daflection of the
erack faces at fallure becomes smaller. This effect is not

considered to be significent in establishing a general

relatlonship for(dg)gpyps however. If the maximum crack
width *or a joint is considered to be approximately 8 mm,
then the value of (dg)epit ©f 4 will be a conservative
estimate for all other joints, since fallure of the concrete
cover, which deponds ca the deflection end curvature of the
Gowel at the erack Iface, oceurs at a higher load s the
erack width decreascs, alithough the ultimate moda changes.
This increaza in oxpocted fallure load is well nodelled by
the PFB foundation if gsub~dowels concreto prossures are

considerad to be critical for spalling of the enncrete cover,
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+ can be seen that the Pr¢ foundation model predicts values
closer to experimental values for this ser’es than for
Beries 5 for specimens of zero crack width., Thus the value
of the friction present is difficult to evaluate guaatitat-
ively and would appear to rely on casting techniques when

moulding the specimons.
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4.10 SERIES 7 : PEUTS OF SPECINERS BAVIRG A SINGLE,CENTFAL
8,85 mm MILD BYREL DOWEL, AND VARIABLE COVGRETE
STRENGEH

Having established the validity of the PFB foundation model
for a varlety of configurations of specimen guomotry, the
corrcelation with cube strongth was then tasted in Series 7
and 8, Those tests ware conducted specliically to verify
the application of the assumed function relating concrete
subgrade medulus to cube strength (sce Egquation 4.1.14).

Constant crack widihs of 8 mm were used for this sories and

g 1y crack wore again of polystyrone foam.
The same concrete Mix was used as for previous specinens,
but testing occurred at different intexvals, thus varying
the conercte strongth. Ultimate modes were generally yield
types failures {a combination of dowel yileld and sub-dowel
conorote plasticityl and the prineipal poramcters kept

constant for this tost serics were:

Povel diamctor 6,35 mn
Crack wideh 8 nm
powel angle 90°
Concrote cover 47

The ovorall improvemert of tho lea

inflection curve char-
actoristies for these specimens with inereasing cube
strength of conercte is clearly indicated in Fig. 4.10.1%.
A summary of test rooults, compared with prodicted vesults,
glven in Tablo 4.10.1, indleatos that the assumed function

for concrubo subgrado modulus gives reasenadle eorrelation

it
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between experimont and theory, and this is supported by the
results of Sories 8. The indication is coertainly that the
relationship is not linear, and the quadratie function
chosen not only compares fairly well with the cube and eracke

beam speeimen t

resnlts, buk Iin additlon compares well
with clastic medulus type variations with concrete strength
as given in CP 110. The relotionchip given in Eguation

4.1,14 thus appears to give good overall results.



b
i

115

4.1l SERIES B : T

S ON SPRCIMENS HAVING A SINGLE, CENTRAL
10,0 mm MILD STEEL DOVEL AND VARIABLY CONCRETE ETRENGIH

This test series was conducted for tha same reasons as Scries
7, but was slightly more comprehcnsive sinee the use of the
laxger diameter dowel made possible the study of the trons-
itien fxom brittle failwre to yield type wltimate modes with
increase in eube strongéh of the concrcte. Tosts weroe con-
ducted on speedimens having 8 mm crack widkh and thus erack

formexs were again polystyrene. The 10,0 ma dovel was

siuvuated on the buam axis and the speeimons were all loaded

2 failure or yiecld (vhichover ceeurrcd £irst). The prin-

eipal porameters hopt constant for the test series were:

Bowel diamotor 10,0 mm
Crack width g ma
powel angle 2n®
Conerote covor 45 wm

The tent results are givea in Pig. 4.11.1 and a summary of
test rosults together with thearetically piodieked reoults
a% given in Table 4.11.1. It 4ig cvident frem the ogults
that the load-defloeiion eurve paramctevs of clastielty,
so0d ab elastie limit and lead at yield{or fallure) il

inereasa with increcaslng conercte strongth. In additien,

the troad of these inercascu i woll madelled by the IFB
foundation, wsing the guadratic relatlvnsidp fer subyrada
mediulug.  An interesting Lfeoturc of the vrend in uwltimato
cenditions is thot tho ultimate sode undergees @ trans itica

as the cube strength of the conereie waed inevenscs. !
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It is apparcent that the fallure mode for the 9,2 MPa con-
crete is catastrophie, whereas the modo for the 39,5 MPa
conarete is of the yield type, similar to tho characteristic

curve for Geries 1.

Thie phenomenon will refleet on (dg)epit valucs, sinee
although a d, rotie of 4 is adequate for 30 MPo conecrots, it
would have te ne substantially larger for 9,2 MbPa conorote,
all other jeint paramcters being equal.  An opproximate
relationchip for safe dq ratios is established on this basio
in Chapter 5. Xt is thus cvident that tho overall safoty of
a gonstruction joint ineveascs and there ic a tondenoy for
the foilure mode o bheoeomo a yiold (plastie) type, as the
strenath of tho eencrcte wsed in the jeint inercages, all

ethor joint parumcters buing equal.

|
i
i
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4.12 EERYES $ 1 TREP OF SPRCINER BAVIJNG WO 6,35 mm MILD
QEEBL DOUELE AND SPINVUPS IN TUU REGEION 0F PHY CRACK
races

The spooimon goonetry for this tost was idontieal to that of
the spoedmens of Sories 3, the eovor in this case being 15
mm {the average valuae of the twe spocimens tected in Sories
3). 1In addition, 6,35 ma diwsctor mild steel stirenps wove
£ixed in position In the vieinity of the craek face, about
10 mm cover buing left bebtwecn the stirrups und the erack
fago. The princinal reavon for this wost was to cvaluate
the offect the additien of stireups had on loud-deflection
ewrve paromoters, ocpeeially at ultinmate lead. Tho spoeimen
oraek wiath was 8 mn, and pulystyrene evaek fermers main-
tadned the position of the weinforevment during easting.

The prineipal paramctors kept eonstant for this test serdes

weres

Conexrcte enbo ckrongth at 32,4 MPa

powel diamelors 6,35 mm

powel analo 90°

Conercke coviy to top 15 mw
dowel

Craek width 8 nm

Gleaxis, the ewrve eapested had the stirrups not hoon
prooont would have boon an average of the twe eurvesn given
in Pdg. 4.6.1. Nowever, the aectual eurve ia chown in Fig.
4.12.1 and the advantages o bo gained hy the inelvsion of
otirzups ar~ el.arly indiecated, cspeedally as regards ulti-

moto leads and post-cracking bohavioue.
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gable 4.12.1 gives the comparison between experimentally
obtained results and the PFB predicted values for the spea-
imen geometry neglecting the stirrups. It is intercsting to
note that the stirxups do not affoet the joint stiffness
significantly. The load at yield, although sabstantially
larger than the failure values obtained in Series 3, is
gtill reasonably well predicted by the PFB foundation model.
It would thus appear that the principal advantage to be
gained by the addition of stirrups is that the ratio, dg,
can be brought below the crilical value, and thus the joint
can still be designed using the "yleld" ultimate conditions.
In tha event of the reinforcement geometry being such that
the criterion (0f minimum cover to the bars subjected to
dowel shear) cannct be met, the inclusion of stirrups in
the vicinity of the cvwack face would increase the safety of
the joint. This would have geucral application to dowels
where spalling of the concrete 1s likely to occcur. Fixing
the dowel in position by means of a suitably placed stirrup
greatly reduces the risk of spalling of the surrounding con-
crete. Thus, although stirrups in the reglon of the crack
face do not significantly affoct the elastic properties of
the joint or even the ultimate load, if the dowel has
infinite cover and spalling is wot a problem, thoy have a
significant offcct on tho safety of a joint whosge dowels

have insufficlent cover.
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4.13 ¢ ES 10 : PESTS ON SPECIMERS HAVING A BINGLE
6,85 mm ANGLED DOWEL

This dowel configuration, shown inset in Fig. 4.13.1, was
sted to establish the offect that dowel angle to crack
«ace {or shoar interface) had on the jeilnt as regards oven-

all joint stiffness and ultimate modes. In addition the
validity of the PFR foundation model with ilncreasing dowel

angle was investigated.

In the process of casting of these specimens it was found
that 6 mm crack formors were best suited for use in conjun~
ckion with the bent-up bars of these specimens, Thus the
crack formers were made of polystyrenc and they maintained
the position of the roinforcement during the casting program.
The principal paramcters kept constant for this test sories

weres:

Conercte cube strongth at approximately 30 MPa

Dowel diomcter 6,35 am
Dowel angle 40°
Conercte cover 47 mm
Crack width 6 ma

The average load-defleetion curve is shown in Flg. 4.13.1
and a sunwary of oxpovimontal results and theoretically
predicted values is given in Table 4.13.1, Tho gonoral shape
of the load-Gefloction carve 45 very similar to that obtain~
ed for Series 1, there boelng a goneral Lwend toward

inerease of houh stiffneas and wltimate loauds with the

angled dowels, howover., The lead defleetion curve compriscs
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same basic parts ag that shown in Pig. 4.4.1, and it can he
sacm that the slope of the curve in the posi-yield stage is
significantly stecpor than that for the curve of Series 1.
This supports tho assumption that this inerease in load-
carrying capability of the jeint is caused by suspensgion
offocts.  The P¥B foundation model prodists the slope in
the elastic zone well but undercstimates both the load at
the elastie limit and the yield load. This is probably a
result of the use of tho incorrect modulus for the stcel in
predicking yield conditions, and in addition the a2£fcot of
losal comprossion and placticity of the sub-dowal concrete
in the region of the crack face appear to be loss signifi-

cant for the angled dowels, resulting in bigher yiold loads.

{(Frodicted sub-dowol PLeSSURes are also gencrally
low compared with results of previous scries, indicating
that the sub-dowel concrcete might remain clastic to a higher
load). Noverthelosg, the tread is fairly woll modolled by
the PFB foundation, the results gonerally tonding to be

congorvativo.

A conmpacison of cuxves for idontical spevimens, oxcept for
tho dowel angle, lndleates the significant advanvages to be
gainod by a judieious choiee of the anglo of the dowal.

Tho ddrcestieon of the angle to the crack face io important
and must be such that part of the shear is twansferred by
tengion dn the downl., I tho dowel weve angled ineorrectly,
4t would affcet the performance of the joint adversely

(soe Sories 1),
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4.14 SERIES 11 : PESPS ON SPRCINENG HAVING A SINGLE
6,88 mm DOWEL, BEND INTTIALLY 1O SIMULALE SLAB-ONTO-
WALL CONRBCTIONS

In order to compare the performance botween dowelled speci-
mens such ag those of Scrics L (where Lt was known that the
dowels passod through the jolnt normal te the crack face)
and those bent out after casting of the beam ends, as would
probably be encountored in practice (sce Fig. 1.1.1 and
1.1.2), this test series was conducted. During the casting
program the dowuls were cant inko the beam ond portions
indtially. The dowel longths were about 400 mm cach for
each speeimen (sco gketeh inget in Mig. 4,14.1). After 24
hours the bars wore bent into poaition and the contral
portion of the beoam specimen was cast, using an adjusted
gonerote mix te that the cube strengbh would be approximag-
aly constart at the time of testing of 7 days. The cubo
strength of the eonercte was detormined frem the averago of
six cubn tests, three belng tokes from each wix. Crack
formora werc again pelystrene foum and the basie paramcotors

kopt constant for this tect sorics woros

Conexete cube gtrength at 29,% Mpa
Dovel @iamotor 6,35 mm

Dewel angle appronimately %0°
Conexeto cover appreximotoely 47 mm

Crach width 8 nan

The experimentally determined load=deflection eurves are

given in Fdg. 4.14.% and it 15 cvident frem a comparisen
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between these curves and the curve shown in Fig, 4.4.1

that there is no significant differcnce in the results., 'The
enly Gisadvantage of the praciice adoptod in this serics is
that the angle of the dowel in the immediate vicinity of the
dowel may he such that it affocts the performance of the
Joint advessely {(this would inercase the experimental
seatter slightly), The scattor of oxperimental results 4a
general, howoever, is such ihot the load factors used for
tho yicld leads, or the chodce of permissible dowel loading
et sposes of sub~dowel conoreto prossures, would take into
ac. s At these diserepancies. The design exiterin applicd

to e jolnts woald thue be identieal to thost for Sories
1.
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4,15 SERIES 12 : TESTY ON SPECINRNL HAVING A SINGLE 6,35 mm
RIGH PERCTLE SPERL DOWEL ON THE BRAM AXIS

Three spocimons wore tested in this sexices, two having 8 mm
crack width and one of zero crack width. Phe results of these
wosts ean thus bo compared with those of Scrics 1 ond 5, since
the opeeimen goomotrics are identleal in overy respoot excopt
tho yicld stross of the dowel matorials. The casting and
erack-forming toehniques woro identicud to those of provious
speeimens and tho prineipal poramcters kept constant for this

test serdes wore:

Conexcte cube strongth ot 28,9 MPa

Dowel ddometer 6,35 mm

powel angle 20°
Craek widths 8 ma and zoro
Conexcte cevor 47 ma

The average load-deflection curve for the 8 mm erack width
ppecimens and the eurve for the zero crack width speeimen are
shewn in Fig. 4.1%.1 an? the curves can be cempared with these
in Pigs. 4.4.1 and 4.8.2 regpectis ely, as shown in Table 4.18.1.
There 15 goed eerrclatien betweon the slopos of the clastie
zones of these Lest curves and togis on mild steol dowols.

Thic is to bo cupeeted cinec the clastie modulus of the dowel

matorial 4o
The PPL medel alge glves geod agreement in this zonc, the pra=
dieted slope being 6,42 kN/mm for the 8 mm ovack width spoei-

meno.

d and the sub~dowel eonerote is still clastie.
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It is interesting to note that although extreme fibres are

|
|
|
i
i
!
:
I
i
i

not near yield {or ultimate} stress, the curves become non~
lincar well before yicld or fracture occurs. This confirms

that the non-lincarity of the load-deflection curves is

the result of two phenomena:

1. Yielding of tho dowel extreme fibres

2. "rlastic” deformation of the sub-dowel

aoncrete.

In the case of the specimens with mild steel dowels, yleld-
ing of the dowel material was the dominant effect and probe

ably occurrrd just before the sub~dowel concretc began tn

deform plastically, For the high tonsile steel specimens,
however, the plastic yleld of tho subgr-de in the region

of the crack face is dominant and occurs before yielding

of the dowel material, The P¥I foundation model predicts
sub~dowel concrete prossures in the order of 2,4 times the
cube strength at the experimentally determined elastie Limid,

This implics that two limiting criteria, the lower of which

will control the design, must be applied when considered

working loads for dowelled connections in goneral:

1. A permissible berding stress in the
Qowel
2. A pormissible conerete sub-dowel

PEOBEULa.

It s ovident from a comparisen of test results tnat these
limits will result in very similar working loads in the

case of nild steel dowels, whereas the conercte prossura
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will control a design using high tensile dowels. The
implication is that mild steel appears to be a more satis~

factory dowel material for medium strength concretes.

In addition, the use of high tensile steel dowels resuits
in a transitlon of the mode of failure of the dowelled con~
nectuon (evident in the comparison of test results for tha
specimens of zero crack wiuth). Because the high tensile
stecl dowals remudn elastic after the load-deflection curve
elastic limit, and thorofoxe do not deform as xeadily as
the mild steel dowels in this range, the tendency for the
canerete te fracture and spall is increased. The post
"yield" phenumenon of the 8 mm crack width specimens is
agein a rasuly of suspension cffeobta, the sub~dowel con-

- orete having yielded sufficiently to allow the dowel
{which is still clastic, although near ultimate stress) to

carry load in a catenary faghion.
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4.16 SERIES 13 3 TERTS OF SPLCINENS RAVING & SINGLE,
CENRRAL 6,38 mm MILD STFEL DOWEL, AND A CENTRAL POINT
LOAD

The loading system on the specimens tosted in this disger-
tation could possibly have an eoffeet on the obsecrved load-
deflection curves. Owing to the spocimen geometyy, howover,
this ¢ffect is expacted te bo small (in addition, the two-
point loading system chosen for goneral tests meant that
the loads were as close to the crack face as possible with-
outt interfering with the cperation of the LVRT's). Novor-
theless, this test serles was undortaken in oxder to inves-
tigata the possible effecl of a change in position of the
load on the cortxal beam portion. The basic paramoters kept

constant for this test serioes wewe:

Conerete cubo strongth st approximately 30 MPa
Dowel diometer 6,35 mm

Dowel angle 90°
Crack width 8 mnt

Conexrete cover 47 mm

The experimental results of this test seriaes wero very
similar to those for Series 1 (specimen geometrics and test
parancters wore identical except for the loading types).
Blopes of the clawtic vonos were practically identical for
both test serics, although clusbie limit and “yicld® loads
appeared to be slightly lower for thiy test sories. The
principal reasens for theso phenomena are a slight incrcase
of ond rotation of the contral boam section coupled with @

slight inerease in the tension in the dowel. fThe effect of
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end rotation will not bhe significant in practical connections,
however, since these will generally have a number of dowels
erossing the shear interface, The rosuliing tonsions set

up in the dowels can be considercd in the analysis using

the PFB foundation model. Thus the affects on the load-
deflociion curves are inslgunificant in general and the

theory used can thereforc he applicd to a dowelled slab

connection, the slab belng subject Lo any loading system.

The pomition of the point load alse affccts fracture para-

meters of the conercte cover, since the tensile cracis
originate under thesc point loads (see Plgs. 4.2.7 and
4.2.8). For a practically loaded slab, however, cracks
will generally propagate along the length of the dowel for
gome distance before turning to the beam surface, and thus
the recommendotions for minimum cover reguirements will
generally boe consexvative (although the possibility of
point loads inducing tension cracks as in the specimens

tested is thus also considered.)

1
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GHADTER 5

SAFE_LOADS THAT CAN BE TRANSMITTED BY DOWELLED CONCRETE

CONNECTIONS

8.1 PUR CONCREIE COVER 20 THE DOWELS

Tost results indicate that a minimum conercte cover to the
dowel is nocessary o ensure thoe safo trancfor of shear by
the. dowalled conveetion. The two basic vltimate modes of

failure ovident from Chapter 4 are:

{1} Brittle fracture and spalling of the
concrete cover oceurs prior to the

dowel “yield" load Leing reached.

{2) The dowel "yleld" load (Yield of
the dowel material or sub-3lowel
plasticity or a combination of both)
is attained hefore fLracture of the

covor occurs.

In the congideratior of the overall safety of a dowelled
connestion, the latter "yleld" mede is obviously desirable -
in addition the stecl dowel 1s ganorally moxe highly stressed
in thig mode, resulting in & more coonomical overall joint
design. A minimum cover to @ steol bar subjocted to a

dowal shear cxisty for any dowelled conncetion and if the
cover oxeeeds this value the jodnt can bo designed using a
congistent "yield" procedure. A value for a critical cnn-

crote gover to dowel Qiametor xatdo, (delepit, qlving
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the concrete cover that would result in points (L) and (2)
above being reached at the same load, was introduced in
Chapter 4. 7This eritieal value was purely an cxperimental
obsexvation and as such relied on experimontal technique and
speeiman geometry, In particular the leading system affocted
the spalling of the conerate cover since tensile cracls
developed under the peint londs, However, the czack propa-
gation of approximately 45° meunt that the point load was
probably very close to the critical position in thin regard.
Por a load situated a large distance from the dowellad joint,
tensile cracks would develop parallel to the reinforcoment
bhefore breaking out to tha upper surface of the beam or slab
{in a mannor similar t. that deseribed in Table 2.1.2). fThe
fracturc encrgy of such a crack would invariably be groater
than thit for the specimons tested. The value for the crite-
ical de ratio is thus corservative for other variations of
leading systews. Ag such, the {8g)erst ratie can be applied
as o general dosign eriterion for all dowelled connections.
The prineipal parametey affecting the value of (dg)erspy will
bo the eubs strongth cf the conercte usced in the dowelled
connection., Tests indicated {aot crack width and dowel
material {(mild or high tensile steel) also afffeet the value
of {do)erit. These offects are not as significant as that
of 1he conerctn strengih, however, sinea although both para~
metors tond ke change the ultimate mode, the failure lead
will generally b an exeess of tho yield load (the value of
(dglapit of approximately 4 vefors Lo a speeimen with a
crach widih of & mm, mild stoel dowels and conerote cube

stvength of 30 MPa). 'Puble 5.1.1 indicates that tho
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relationship

Yield Load )LS

(o) crat * de* Eoiiure Toad 5.1.1

has good correlation with oxperimaental data for specimens
of 30 MPa cube strength. Although the number of tests pexr-
formed was insufficient to establish eguation 5.1.1 conclu-
sive’y, it can bo applied to specimons of varying cube
“eength to give values of (dglopit of 3 for 40 MPa concrete
and 8 for 10 MPa concrete. Theso resukts are used in turn
to give the following approximate relationship between con~

crote cube strength and (de)erit ratios:
BTG . (dgderit & 22 5.1.2

Equation 5.1.2 gives the cover that will result in the
failure load being cgual to the "ylold" load. It is desir-
able, howevor, that the "yield" leac e in excess of the fallure

load for a mafe  construetion joint. In order to achiocve

this and also to take of the exper 1 scatter,

a tentative relationship ds:
YETE . () gage ® 30 5.1.3

This cguation is used to derive a table of safe mindmum
covers for dowels subjocted to sheaw loadings, if the dowels
are to be analysced as having "yiceld" type ultimate modes
{sge Table 5.1.2). IL the cover is less than the values
spoelfied dn Table 5.1.2, stirrups must be provided in the
region of the crack face and must be pesitioncd  such that

thoy rostrain the potontial daflection of the dowel at the
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orack face. The indicution from tests is that the diamctor
and spacing of the stirrups chosen could follew normal roin~
foreed concrete design procodures, althowgh it is important
that the ond stizxup be placed as close 1o the eruck face

of the joint as possible.

5.2 DR APPLICATION 08 RUE PRL OPOURDAYICN MODEL

Having octabliched that all dowels can bo designed as having
tydeld® type ultimate modec provided thet the cover roquire-
ments of Chaptor 5.1 are met, the PFE foundation model can
be used gonerslly te predict safe loads for dowelled joints.
It is apparent from tect rosulis of Chapter 4 thal the PFR
foundation medel has good everall applicatien, cspeeially

in the elagtic zone of tho owporincntilly determined load=
deflertion cuxvas., Bven *yield® leads wewe predicted reason-
ably well for the mild steol dowels (ascuming that dewed
material yiold was the pringipral contvibuting factor to the
overall yield of the cenncotien}. Being cogentially an
eclagtde analysde, howover, the PPB medel generally undov=

astimated those loads, ewing to tho develoymont of the stross

diagrams shewn in Pig. 5.2.1. These stross ﬂi'ngmw; develop

in the pout-"clugtic Limit" poriion of the lead-deflection
curves and ultdmatoly eause *full picld” of the dowelled
cennection. Plg. b,2.1 refers partdoulardy to the mild steed
dowelled eonncotion = for ithe case of the high tensile eboel
dowel the principel eoutribiting factor is generally plasticeity

of the sub=dewel conerete, The diagroms of Fig. 5.2.1 indicrte
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that both veduced slastic modulus and concrote subgrade
modulus v.luos should be used in the prodiction of “yleld"
loads, and this is chiefily why fhoe PFE model underestimates
“yield* loads for mild stesl dowelled joints

pasts on high tensile stect dowels (See Scries 12, Chapley
4.18) indicate that the sub-towc) conzrete hogins o "Yield®
under a load of 1,8 k¥, corresponding o 8 sub-dowel cencrote
pressure of approximotely 2,5 times the cubo strength (this
is tho average sub-dowel prossuse of the orack foce calewlated
using the PFB model). The implieation is that for medium
strenyth conerctes, dowelled with mild steel relnforeoment,
dowel oxtrome fibres gincrally yicld prior ko "plasticity"
of the sub-dowel eoncrcio being attained (seo Series 4,
Chapter 4.4). The value of 2,5 'y, tho onset of plasticity
of the sub-dowel concrote, has good agreement wilth rosulis
of failure theories ebtained for concrete subjocted to com-
bined stresses glven by Newman and tawmontf.  The actual
stato of stress of the sub-dowel cenercto is ddfficult to
astablish, but it is cortainly not subjccted o a wniaxial
prossure.  Blaxial test results for normal weight conerctos
with a volume fraction of coarse aggregate ef about 0,5
(aindlar to the conorete of the spoeimens btested) indicato
a strongyih envelepe resulting in an cffective concrete
styength of 1,5 £'¢. “Triaxial compresgion" teste give
fadlure surfacos that can be repregented mathematically bys
oo 3,7({-:‘;;)""‘“ 5.2.1

{for oy » vp = e3)
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In equation 5.2,1, o3, 7p and o3 are principal stresses and
£'s is the concrete cube strength, The effective concrete
strength is thus dependent on the constraining triaxial
pressures, o, and o3. If these are approximately half the
cube strength, the effective strongth will be 3 times the
concrete cube strength. A sub-dowel triaxial state of
etress scems likely in dowelled connections and thus “yield®
pressures (local crushing of the sub~dowel foundation) in
the order of 2,5 £'g appear to be realistic. The relation~
ship between these values and the assumed coefficient of

local compression of 4 by Dulacska is also evident.

First ylelding of the mild steel dowelled connection thus

cccurs when elther

{1) The dowel extreme fibroes reach a bonding
{or combined bending and tension) stress
of 250 MPa

or

{2} The sub-duwel concrete pressure reaches

a value of approximately 2,5 times the

concrete cube strength.

If permissible siresscs are thus taken to ba 150 MPa and
1,5 £'y respectively for tho mild steel dowel and the sub-
dowel). concrete, the PFB foundation medel can be used to
predict safe workiny loads for dowelled conncctions. These
safe working loads arc given in Tables 5.2.1 and 5.2.2 for
mild steocl dowels and in Tables 5.2.3 and 5.2.4 for high

tengile stcel dowels, where the pormissible stress in the

i
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dowel is taken to be 250 MPa. It must be noted that all
the safe working loads refer o single dowels, which mact
be well grouted, have adcoguate cover (as speciliied in
Chapter 5.1) and must comply with Hotényl's classification
limits for long dowels given in Chapter 3.2 (which ;oner-

v »ly moans the length should esceed the dowel diamoter by
moxe than 10). In addition note that the tables of safe
working loads given in this chapter are all calculated
assuming that tho tension in the dowel is %exo (even in the
case of the angled dowel, where the tension which is set

wp as a result of the shear forue at the joint is automat-
declly token account of in the program "DOWRLY). If,
however, @ reinforcing bar acts both as tensile reinforme-
ment ead is subjected to a dowel sheas at some connoction

o Joint or crack, tho tensile stress in the bax 4n the
pegion of vhe erach fuce must be caloulated and it can

then be shewn uwaing the PFB foundation medel that the values
in the tables must be adjusted by multiplying by the factor,
t, glven by

tal - Egy {only acenrate where stoel
o stroas centrols)

where oy i the stress in the bar resulting from a tansile
forece in the rogion of tho erack face, duc to loads odhcr
than the dowal ghear, and ¢p is tho permissible stross in
the bar (150 MPa for mild stecl and approx. 250 MPa for
tho high tensile steel dowels tested).

A study of the tables of safe workirg loads makes it

apparent that difficultivs are oncountered when attompt-




ing to specify the best material or geometry of a par-
ticular joint, since variation of each paramcter affects
the performance characteristice of the joint assoclated
with the remaining porameters. Fox cxample, wmild stoel
appears to be a betber dowel matorial for low strengih
coneretes with jointo of zoro crack width, whereas high
tensnile stewl is a better material for use in conjunction
with higher strength soncretes with larger crack widths
and angled dowels., In addition, a number of small diemeter
dowels appen.s to be a botter solution for low strength
concrete joinks of zero crack width than a single large
diametor dowel giving thoe same sheol area for the connect-
lon. On the other hand, large diamctor dewcls arc more
sulted to highor strength conerctos and juints of larger
cerack widtha., The safc working loads gonerally increase
with increaso of concrote cubo strength, and in addition
the cover regquirement deerecasos, thus allowing the con-

struction of a more compact joint overall.

It can ke seen that the PFB foundation model thus has vory
good overall application to the problem of the dowelled
econneckion, and can be used for the accurate stwess analysis

of the connection in the elastic zonc.

5.3 DTEE BFfPARLIGIERY OF A% APVROXIIATE RECATIONCHID

POR THE DOWELLED €2

NECTTOR YIELD LOAB

In addition to tho PFB sorndution model predicting “yicld®

loads 1 bly well (cspoelally if is taken of

roduced modnii values) toct resulls can be used to
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estoblish an approximate empirical relationship for the
"yield" load of dowelled connoctions. Although tha PFB
soundation models the clastic vone of the dowelled joint
load~deflection curves fccurately, the analysis is tedicus.
For this recason, a tentative approximate relatlonship is
given for the "yield" loads of the dowels tested, and a

suitabla factor of safoty can h» applied to the results.

Provided that the dowelled conncction conforms with the
regquirements spocified in the tobles of Chapter 5.2, part-
lecularly regarding aduguate covar, the oxperimentally

determined yiold lead can he related to the parametors:

Concrete cube strength
Dowol vicld stross
nowel diamotor

Joint crack width

Dowal angle

The simplificd functions for cach of thesc variables are
gdven in Fig. §.3.1. It must bo noted that the functions
£for erack width and dowel angle ecan result in oxrors if
extrapolated too far beyond the limits considered. Con-
neetiong in practice would gonerally bo within these limits,
howover, The nmumbor of teesbs performed was obviously
insufficient to cestablich theso functions with cortainty,
but the large number of parometors thot had te be consid-
ercd limited tho nambex of tests that ceuld be performed
varying each parametex, In addition to the functlons

egtablished by tost, the PPB foundalion modol was acain
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used o establish tho offects of tonsilo stress in the
dowel (as in Chupter 5.2}, ao spocimeny belng tested that
h.d significant tonsile stresses in the dowels. The
empirical relationship estab) ished from the functions given

in Fig. $.3.1 was thus finally:

- 1 2
gy & VI - Bl loy) S (1-0,04901- i 5.3.3
430, 5018

where Sy is the "yield" load of the dowcl (in k), £1g ds
the cube strength of the eencrete used in the conncetion
(i MPa), ay i the yicld stress of the dowol matorial

(in MPa), o s the tonsile stross in the dowal due to
tensile forees othor than those asgoclated with the shear
transfcr of the connection {(in MPa), a is the ecrack width
of the jeint (in mm) and & Ls the angle the dowel makes

to the crack face of the joint (if not normal to the crack
face, it must be angled suwh that it aids the shear trans-

fer in tension) .

1f o factor of safcty of about 2,5 is applied to eguation
5,3.1, it ig covidont that the result givoes reasenablo
overall correlation with these of the tables given in
Chaptor $.2. The rosulis in these tables ecan be considered

o be moxe acouwrate In goneral, howevex.




8.4 THE LFFECT OF DOWRL LENGIH

safe shear transfer loads given in both Chapters 5,2 and

5.3 depend on the fuct that the dowel has adeguate length,
Hetényi's classification limits gonerally imply that this
nust be in oxcess of approximatoly 1O times the dowel dla-
meter., Where the length of the dowel is less than this
value {or near the speeified limits) it is unlikely that

the same safe wotking loads can be used, This applies
particularly to the casce of the self-axpandlng type bolt
that & £itted i0to a hole drilled into an existing comercte
structurc. In oddikion to being shorter than Hetényi's

Limits in general, solf-oxpanding bolts sct into mass

conercte exert approximatcly axl-symmotric compressive
stresses on the surrounding concrcte foundatlon even beforo
the applicaticn of a shour load, The ovorall implication
is that additional safouy fackors should be used in con-
junction with the tables of Chapter 5.2 for short dowels or

self-oxpanding type bolts sot into oxisting concrete

structures, and further rescavch into this particwlar aspect

of dowel action would Lo desirable.
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e

: A GERNERAL EVALUATION OF THE PARAMETERS INVOLVED
I¥ TPHE ANALYSIS OF DONEL ACTION

The paramcters involved in the analysis of dowel ackion in
reinforced concrote connections vere glven in Chapter 1.2
as:

() Crack width

(b)  The tranefor of sheav by tho eomercte

(e} Doucl diametoer

(@) ¥dield stress of the dowel matorial

{&) Teacile foweco ¢n the dowel

{£) DPawel elastie moduluc ‘
(g) Coneruie eruching eivength

(b}  cover to downln

{4}  Lhe nunbor of douwcic cvesoing the erack faec

{J) 4ngle ef dewcls

(K)  Lengih of douel

(1) Effcet of vidrrupe

(m}  Type of loading

Each of theso p xamcters has beon investigated within the

scopa of this dissertation and a summary of thedr offects
{obtaincd from rescarch ass +lated with this work) is given

bolow:
(a) Craelk width

This va: dablo is woll modolled by the UFB foundation and its
effec’ o safe working leads for dewolled conncctions is

clearly indicated in the tables givon in Chaptoer 5.2, In
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addition, an evaluation of test results gives an approximately
linear relatlonship (within limits) botween Lhis parametor

and the "yield" load of the dowelled joint.
(b) The trunofer of ghear by the concreie

This paramcter was not studied intentionally in the experi~
mental program of this dissortation. Experimental results
nevertheless indicated friction effects were present in
specimens of zoro orack widbth although the concrete inter-
faces had been cast smoothly and were well oiled. Both the
applicetion of the PFB model awi the approramate "yield" load
expression assume no friction present at the crack face,
howevex. Wherce the friction of the concrete is considered

to be en important contributing factor in the design of a
dowelled connection, Mast's theory can be applied {(as in

Chapter 2.2).
(e Dewel diamster

The effect of this parameter is well modelled by the PFB
foundation and it can alse ba related npproximatoly to the
“yield" load, as shown in Chapter 5.3, In addition the
dowel diameter alfects the minimum cover requirements to a

reinforceing har subjected to a dowel soax,
{a) Yiold ctress of the dewel matewiqh

Pormissible stresses in the dowel used in the PFBR foundation
analysis in Chaptor 5.2 dopend on this parameter and it is

also relatwd approximately to the "yield" load of a dowelled
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connection {as in Chapter 5.3).
[ Tenaile foreo in he dowel

Results from the PFB foundatlon analysis indicate the appro-
ximate factor (discussed in Chapter 5.2) to be used in
conjunction with the safe working load of o dowelled con-
nection where a tonsile force is prosant in the dowel due
to forces othor than those associated with the dowel sheaxr.
This result agrees well with the fackor used in Dulacska's

investigation (given in Chapter 2.2),
€3} Dovel elactic modulus

This parameter is taken into account in the elastic analysis

of the dowelled connection using the PFB foundation model.
83 Conercte erushing cirengih

The concrete cube strongth affects the PFB foundation elastic
analysis by affccting the value of tho subgrade modulus of
the concrete. ~n addition, the cube strength affects per-
missible sub-@owel pressures, the safe concrete cover to the
dowol and is welated approximately to theyleld® load (as
shown in Chapter 5.3).

(h) Cover to dowcia

This parametex {in conjuncilen with concrote cube strangth
and dewcl diamcter) affeets the failure mode of the dowelled

connection and this effcet is indicated in Table 5.1.2,
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(1) The number of dowcls ercasing the erack face

The tablos of safe working loads for dowelled conncctions
given in Chapter 5.2 indicake that the advantages :0 be
gained by varying the number of dowols Iin a connection {but
maintaining a constant steel arca) depoend on other parameters

of the connection, par:icularly ui.~ concrete cube strength

and joint crack width.
{3 Angle of dowels

This parameter increases the ghear transfer capacity of a
dowelled connection in general, but it can be secn from
the tables of Chapter 5.2 that this increasc deopends on
other joint paramcters. The effect on the "yield" lead is

given by an approximate xelationshin.
{k} Length af dowecl

The length of the dowel was not tested in the laboratory
program and this is an avenwe of fuwther research., sShorter
dowels are exported to result in docreascd safe working

loads in general an discunsed in Chapter 5.4,
{1) Effceot of stipsups

Stirrups have a pronounced effcct on dowels having insuffic-
ient cover as speeificd Ln Chapter 5.1 but have little effect
in goneral on dowels with adeguatce cover ox where local

spaliing wag not a probloem.
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(m) Type of loading

The position of the loading on the heam specimens affects
the fractoxe charactoristles relating to the spalling of
the concroto cover. For multi-dowel joints the position of
the loading alse affocts the Lensile forces that are set wp
in steel bars which might act as both tensile reinforcement
and dowels, and this cffect can then be tuken account of as
in (e).
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CHEPIER 6
CONCLUDING SUMMARY OF 1HE STUDY OF DOWRL ACTTON

An investigation of dowel action in reinforcod concrate
conncctions was undaertaken, using specimens substantially
differont to those used by previous researchers in the f£ield.
Results wore nevertheless consistent with many of those of
previous investigators. In addition, the specimen geometry
made possible the stuldy of the pavameters of econerete cover
and the effoct of the position of the load on the performance
of a dowelled connection. The valldity of the beam on elastic
foundation theory {particularly the PFB foundation model) was
verified by test, but it was found that the utility of the
theory depended on the establishment of a realistic value for

the concrete subgrade modulus.

Past results indicated tho existence of twe principal ultimate
modes, +these being "yiclding" of the connection prior to the

fracture of the voncrelo cover to the dowels or cover failure

prior to the "yicld" lead boing attained. Parmissible sub-

dowel concrote pressuros werce found to be in excess of the

concrete cubs strongth for ccrncctions having "yleld" iype
ultimate modes. The occurrence of this typo of ultimote

mode depended on there being adequate cover to a dowel sub-
jected to sheaxr loading, This oxitorion,determined by test,
deponded on the spe~imen geometry and overall application

is expocted to bo conscrvative. Tentative deslgn criteria

were thus cgtablished for dowelled connections and this conabled

the proediction of s: ™+ working loads and the establisbment of

i

i

fr
i
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an approximate relatlonship for the "yield" lead for such

connections.

The test series, however, considered only static loadings
and in addition the loading rate was fairly fasi. The
implication is that neither the effect of cyclie loading or
prolonged loading were studied. Cyelic loading could lead
to fatigue of the concrete surrounding the dowel and
although concrete has no fatigue limit, the strength extra-
polated to ten million cycles is about half the stakic
strength. Thus dowels subjected to eyelic loading would be
designed hLaving an addition safety factor of about two in
general, Prolonged leading (due to dead loads) could be
taken lneo account by considering the affccts of creep of
the conorete, generally rosulting in a reduction of the
conerete clastic medulus, subgrade modulus and permissible
sub-dowel prossures. Thus dowels subjected to prolonged

loadings would bc designoed having an addition ¢ “-ty factor.

Short, self-expanding Lype bolts subjected to a sheax loading
could be an avenue of further rescarch, the indicabicn being
that safe working loads for these bolts would be lower than
those obtalned for the dewels investigated in this disser-
tation. WNevertheless, & general cevaluation of tho dowalled
connection and # tentative prediction of the safe shear
loading thac can bo transmitied by a varlety of such con-

nections have boon prosented in this work.
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APPENDIX A

Al FHR WINKLER FOUNDAZION MODEL AND 115 MATHEMATICAL
SOLUTION

The differential equation for the Winkler model is shown

in Chapter 3.2 to be

This van boe solved for using Laplace Transforms or
D-oporaters. Using the lattor, the complomentary function

is;

~mx dmx

y = Ae sin(metal + Bo sin{mx-p) A2
and the particular intogral is:
4mt a
[‘D”+4m{" §-1 .3

provided that g is not higher than a cubie function of x.

The £ull solution to cquation A.l can thus be shown to be

y = 2™ pintmxea) + Be™™ gin(mees) + % A4

There are 4 arbitrary constants to be solved for in cquation
A.4 and those are obtained Lrom known ond conditions of
deflection, slepo, bonding momont or shear. In ordor to

sulve fox the constants, cquation A.4 murt be Qdfforentiated.
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%’x L sin(m%a)] ~me ™ gin(mxa) o ™ cos (nx-+a)
= /7 me X [sin(mxw) .- —- L+ cos {(mxtu) J%EI
= /3 mo sin(mxd-a-la“) a.5
Similerly
%;‘ [cq-mx sin(mxHS)J = V™™ gin (rr.x<|<(.+2-’-) 2.6

Applying equations A.5 and A.¢ to eguation A.4 gives:

%Xx = Zn LAc'mx sin (mxt u%—]l) + o sin(mx+ﬁ+%-.)] 2

2,
= 2m? Em T ginfeet el 1pe ™ sin (qu-s#—é—)] 4%5‘};% A

- o 3,
%ﬁ% = 2/Fnd [An X gin tmiceartd) 4506 ™ gin e 4-{] W24

k'dx
4/X
where mow 1/:;'151’

A.9
From cquations A.4, A.7, A8 and A.9, the arbitrnry con-
stants can bo solved for, and thus deflection, slope,
bonding mement and shoar are obtalned for the beam (ox

dowel) .

The same analysis san bo applicd in simplificd form for the
semi~infinite Winkler beam on clastie foundation am similax
techniques are adopted for the solution of the PFR founda~
tion model. (The full solution to the PFB foundatien is
given in the program "DOWEL" in Appendix B.1).

i
!
I
i
'
)




169

A.2  THE EQUARIONS USED BY TERZAGUI FOR DEFORMATIONS UNDER

UNIFORMLY LOADED BASES
The following eguations were used to detormine the Ip
factors wused in Chapter 4.1.
For the ease of infindte sub~bace or cub-dovel depth:
- /TS
7p = § [+ 209 (B )e 209 1+ |
whexe 2 = %
and L is tho longth of the base

B 48 tho breadth of the hase.

Por the ease of the finito sub-base or cub-dowel depth,

supported by a rigid dasc:

Fy = -i- [z log
 10gf 22D
et VR
and
y L
whera 2w g
20
and a ==

L ig the length of the base

B ilo the breadth of the base
D is the depth of subgrade from the haso to the
rigid layer.
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BAPRENDTX B

B.l  PHE COMDUTER YROGRAM DOWLL, INCORPORATING THE FULL
HOLUTTON PO THE PFR FOUNDARION HODEL

The program "DOWEL" was compiled 1o give soluticns to the

Th foundation model and masults frow this program vere
used to produce tables of safe working loads for dowelled
connaetions in Chapter 5.2. Tn addition to the PKB solution,
Winklor rosults are alse obtainobie fxom tho program for

the data given, A comparison of results indicates that the
PFB solution gives 2 slightly “stiffor' golution in general,
and in additlon takes account of tensile forges in the roln-
forcemont whon considexing permissible stroessos in the dowel.
Tha ;;rqqz"xn%, imfacating the data required pertaining to the

eonnoction ander svudy, i» glven ovwaerleaf,
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B.2  LANGE FPRAME COMPUPER PROGRAN SIHMULATION OF THE BEAM
OR ELASTIC FOUNDATION

The "STRUDL" simulation of the beam on elastic foundution
concept appears overleaf. 'The program i doevived from a

a4, tic xopre ation of thc beam clastic foundation

ghowm below in Pig. 3.2,1, in which the digcontinuity of

the foundetion rcsponce is cleerly evident.
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APPENDIX ©

MIX DRSIGN OF PRE CONCERTE ULy TN PHE CRACKRD=BEAN AND
CUBY EPECININS

The eonerete used in the laberatery test program made use
of gtone of maximum nominal size 13 m (") principally
beeause of the limited ddmensions of the teot spoeimens.

The matorialy of tho laboratvory mix wero:

Water Potable and froe frem ceontamination
Cement Rapid Hardening leviland Comont
Sand Washed cund Lrem a residual granite

pit {in the Halfway=llense yranite

sOR™) o

{Fineness Modulug & 3,3

{Rel tdve Density @ 2,68}
Stone Geanite c¢hips of manisum nominal

adze 13 mm

{Redative Beasity o 2,68)
o adminmtures wero noed.

The cenerote mix ws deaigaed aeeording to the Poréland
Corent Iaotitute method, and it was intended that it
should have adequaete werliability for wsoe in the lahoratory
moulds, eweridering the various rednforcing schemes, and

thak &t e . almo have o 7 day streagth of approximatoly
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30 Mpa. although slight adjustments were made for varions
roasons, the bagie mix proportions {with a sand moisture

eontent of 3%8) wore ag follews per cubic motre of conereto:

Water 240 2
R.H.P. Comont 384 kg
Stono 880 kg
Sand BLl ky

Coement/Water Ratio = 1,6,

Hiotny and Qasting “eenniqacor

The conerctoe was mixed an a relory pan mixer, for about 5
minulog, ond the velume of a single mixn nevey enecccded 302,
Steol roulds wore mude of ehunnel seations bolted togothor
to form moulds of neminal dimensions lelaxlOlmmx?iomm.
Spoedniens were eempoeted en the VB, eonsistometor and
rednforeing dowvels wore held in ponjtien by the erach-
formors durding costing. Spesial care was thus taken to
ensure that the reirforecment wan net distuwrhed when pours=
ing the eonercte {ato the moulds. Cubes were cast con~
qurrontly for ceatrel subc teoty and theae wore alao eem=
pacted uging the V.8, machine. The spoelfens wero gencrally
stuipped aftor 24 hours and eured in o water bath (toempoxas
twre not eontrellod) until tho timo of tooting. There wan
ne problem with workability, blecding or seqregation of the

eonercto uscd in the togt program.



DEFATES OF APTARATNG BSED IR TRE LABORATARY PLOS TROGRAY

Beaw Gpeetmens Brd Clampe

The elamps holding the onds of the erack-beam spoeirmens
acastrd  wore made up of mild octeel 3" (12 mm) plate and
3% ® 4% x 4,5 W/FL (76x30%6,69 kg/m) ehanncle, welded
togethor au shown in Piy. D.l, Studs were welded onte the
channels oo that the elamps £itted into the gruove of the
lever leading platen of the Mucklewsfimith hydrawlic tocting
machino,  The 4 (12 mm) ddamctor black Lolts (longih 150rs)
which held the apper nild sioel plate {n positier, wore
tighteoned sufficiently to hold te cnds 6f the eoncroto
gpeeimena in position and dlrcotion, but not to such an
ertent that the comprecsion ihey created in tho eonercte

would heeome an important factor.
Loading Rig

The leadiny rig chown in Pig. 4.2,1 wag made up of 4"
(12 mm) mild steel plate and the 2 paint leading wag
applied through this rig te the uppey suwrfaee of the cen-

ceoto bean speedmens by brig.t oteel L (12 mm) round xod.

Bigetronts Teat iy apparatug
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EFleecironie Load Cell

This was made by the Kyowa Elcctronic Instruments Co. Ltd.,
Tokye, Japan, and was a conprossion/tension straln gauge
type load cell. The bridge veltage input was 10,0V b.C.,
output sonsitivity 2mv/v (£0,2%) and the capacity was 20 kN,
In cases where it was folt that this load would be exceeded,
the load ccll was removed and the load recorded me hanically

through the Macklow-Smith hydranlic testing machine.
Lincar Varieblc Differential Fransformors (LYDI's)

One LVDT was used to record the doflection at each erack
face, the average deflection bolng plotted for most consis-
tent xesults. The specifications of the IVDT's, made by

G.L. Collins Coxp., Lonyg Beach, Calif,, wore:

Length 20 mm
Diamcter 10 mm

Lipcar »angs @& 1 mm

{where deflections excceded this value, they were recorded
by mechanical Mitutoyo deflection gouges). The two LVDT's
used had sexial numbers 18472 and 18473, with calibration

constant: of 8,8616x107" mm/mv and 8,539%x107% mm/AN rospoc-
tively. The average reading of the two LVDT's recorded on
the X~¥ plotter thus had a calibrution factor of 8,678x107"Y

mm/mv.



lg2

Hatanabe X-Y¥ Autographic Recorder

The avtographic X-¥ plotter, shown in TFig. 4.2.5, was made
by Watanabe Instruments Corp., Tokye, Japan. The specifi-

cations of this machine were:

Model WX 4ll, Floating Differential Output
Response of Recoxder:

Band Width: = 1,0 1, for the X axis

Rar Width = 1,25 Hz for the ¥ axis

(at 70% maximum amplitude:
Power Supply dodulce

Soparate power supplios were used for the load cell and

LVDT's. The respective types used wores

operational Amplifier (OA2) Module for the Load Cell
Type IC 100/6 for the LVDT's.

Soth typos wora made by Contant Electronics Ltd., Reading,
England and were powored by 220V A.C. mains voltage.
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