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This dissertation daole with cracking of partially
t')rcstrf3ssed ocncr et.e members. l?our series of beams with
dif f:crent types and combf.nat.Lcris of prestressed and
uI11:ll:'est1:'esscd steel t'lere cast, rang'j.ng from r(.'Lln;t'o}~cec1
concrete through partially prcGtressed concrete to fully
prestressed concreto. The beams were subjected to bending
by I.:VJO point Lcarls Ln order th<\t. a pure moment, region
could ])0 :Jet up 'Il1tl aL'l or ac): \.Jidt.h measurcmont.s werc1
tli1tle hor-o , crack meafjUrm1181'\tshave been analyzed \/i\:11 the

objectiVe of forl~uh\'ting Lmpr'oved cr'ack width
predictions.

As a result of this study, the equation from ACI 318-8318

LInd CAN:J-A23.:J-J.1n419 und tho equat i.on by i:tm'i and Dil~el:·JlI

were iMproved upon, hy ~le inClusion of variable cracking
factors wh l.ch ta.ke accounu of the tyt)C Of prestresse.d
steel and method of prestress used I and the amount; of
prestress presen't.

The applicability of the proposed method for prediction
of artIcle \'/idl~h .is nhown by comr ,1r:i.l1tJ l}l:'l':dictc.!d Cl:t\ck
widt:htlto measured dt"ac)\: \'J.idths from pr ov Lous rC\search.
ny compar iso» the Pl·cc1.idi:ec1 crack widl'hs, lWtl1~ the
aracJe.il1lj factors obtained frOl1l the test beams , were
sinlilar to those using the factors suggested by ScholzJ4,
but were an iml)170VC)1lCnt over those when us.i.ng the t'uetors
suggested by Suri and Dilgor~.
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It should be 110ted that HOCjl1estad9made various il1cor1:'9ot
assumptions:

a uniform tensilo str~ss is assumed across 'I:he
seotion, while in fact Park al1d Paulay' have shown
that the distribution is Variable.

crack width is aasumad to be OOtlstant throughout tha
scotian.

2.2.2 No slip theory

Base et. al.I2 assumed that no sUp ocours between \":ho steel
and concreto. They proposed ii!hat craok width was at a
max:Lmumat', tho tensile £aca I JACroasin(j to zero at thl'il
rBlnfo~aing bar implying that the crack width is
dependant on tho deformations 0:1:the conC't'ota surrounding
the bar. Wed9~ shaped oraoks would 1:'09ult from such
cracking. Their suggostad equation was:

[2.2)

13eebyl6 mc.,dified no"slip theory to develop h,1s oquations
fol:' prediction of crac), width il'l reinforcod concreto, as
describod tn scction 2.2.4.

2.2.3 The statistionl appro2lQh bY Ger9'ely and Luh

Gergely rInd tutz13 examined existing equa'bions of tho time
that oalc\.\lated orack width in roi.l1forcod c:onorato
luambors. Thoy found that va luea prod:!,otecl by thoSe
aCjuntions varied considerably and IJug<;jostctl theil: ow1,\

oC,1uation basad on a stntistioal analysis. Parl< and

8



tUrn determine the craek spacing. The ooncrete tensile
~rl:t'(H:H; \Jt)uld thus Lncr'caae to tl maxd.mum hulhv<lY bctWtltll'l

two ot'lltlJW/ \'/11'110 tho !~\:a:\ol O\~l'et1d W<lU U l\ll.htl\\UllI 11131'0.

Now eraok:8 would than fo~n betwQon initial tlrBtlks until
a stabilized tlrnek opaeing had bean rOBchod.

[2.1)

prctUocetl thnt a now t.ll~U(j)~ would form (;1I11y when the
f:ltH\cing }:)otw(I(ln two ulrol:1dy axistintj adjadont ct'L\dko \1tlS

IJrblltor than 'l':wleo tho luinil\\\lll\ orucl~ otJut':inlJ I [1111111 fen:
that particular mcmbar (as shown in l?J,Cjura a .1) / assumin9
that the tct1f.1ilc strcmtjth of the eonot"ct:c hnd been
oxco(;,dod in th<:lt por'I:,1011of tho moml'Jnr.However, he found
1~hrough experiments that tho va:r:,t(:Jodl"i;\(lk spac,i.11C:Jwar.
one Elnd a half 1~imM his suggested minimum spading I Lc ,
l,!:illlllili• On th:l9 baul.o , lIocJl1oD'l::nd'l sUCJtJQ[Jtc!d an ct1\.1t\tiotl
i;ol:,' maximl.l1t\t::rao)< width, ot11ot" ~,l\\provcd oquations wora
c1tjl~iv(jt1 hy Clmlll uml 1(rHU" and lIogIH!trlmd".J-~'-....~~~.~~.]
~J It <,= - ~.- . ··-""·d-~··~.··'.·.""---_ ~~ ..•"' ..... '.....'-~-~~~ "'-',- ."' .....•. _-, .... "" .. -~ .. ,'

........._", .. ·"_;~·"·a"W'i • ...----··---····· .._ .•.. ,,_,". __ ,_ •• _ ..•t~·~:"~_J
'1



width that is acC!eptabll<! to the general publiC! is
dependent em personal opinion. '1'hi9 is reflected in the
diffcn::ent rae Omllletldations of Park iii paulay6 and Park /;(
Gamble1 who SU99GlS!t0 125 nm to 0,38 mm, arld lieonhardt8 Who
suggests 0,20 mmas the visually acceptable limits.

2.2 The Mecha~ism of Cracking in Prestressed and
Reinforced concrete

r.rhrea types of cracklt'lg- can occur in corwrr"ba struc:t\.lres:

due to
due to
due to

flexural stresses
plastJ.c settlement of the concrete
voJ.umetric chttnges, g-enerally caused by

shrin)<age

Much of the exist.ing theory on cracking of partially
prestressed concrete members is adapted from research
performAd an reinforced concrete and honco it is
pertinent at this pol.tye to examine the mr:achanisln of
flexural crt'\cldng Ln reinforced concrete, Cra.ckin<;Jduo to
plnstic SCl'l:.tlBmentand cracldn(j dUt!)to volumetric chanqes
have been omit'cad since they are outside the scope of
this romaarch. Soveral thooriol have bean advanced, but
Park and Paulay' havQ identified tho mast relevant ones
which will be briefly summarised below.

2.2.1 Classioal theory

It was believed that initially cracks formad l."P.l.ndomly
wherever tho "l::onsila stt"cl'Igth of the eoncrett'l had been
exoeeded. At a crack, it was assumod that Drlly the steal
oarried tho tensilo ~rt.t·C!sl3, Which impliad that. slip
between tha steel cHidthe surrounding concreto Dcourred.
However, it is the bond that enables the g-enolation ot
tel'lsile stress in tho stoel. The allowable bond strols in

G



s i.nce it. is of high strentjth and hence even a small
peroent.a.Je of its cross sect.ional area lost due t.(.)
corrosion can cause a considerable reduction in st.rength.
proteot.ion of the prestressed steel can be one of t.hree
types:

(:1.) !11pretons ioned memLersI t.he prestressed. steel comes
int.o oo11taot with the conorete whioh forms a
pt'lssivating layer I Ln t.he same manner as desoribed
above.

(2) rn post. tensionad bonc1edmembers I once t.he st;,ressing
of the steel is c;)omplateI grout is :!.njeot,ed int.o t.he
ducts. This grout forms the pl:otective layer on the
stael.

(3) In post t.el'\Sioned unbo11dadmembers, t.he prestressed
steel oomas into oontact. neither with conorete nor
grout. Therefore grease is injeoted into t.he duots
aftt.l.~ at.ressihtj or in some cases, the prestresSed
st.eel is supplied in ducts th!!t have 1I1reacly been
graasecl,

Both t.he permeei.:>1Ht.yand t.he cover are t.he mail' hc\:.o):'s
influencing' oorrosion of the steel, while research on t.he
correlation bot.Wet-.;'l1the or~ok \.,idt.h ancl corr.osion :1.6
inoonclutdve. At pr(lI;H~htl i't 1s t.hought. that. the
passi vating' 141yar on 'the steel :t:ema1ns ul1chan9acl for
craclt widths up to 0 I 4 roms.

According' to rE~farenoa 5 I craCKS aloe visually
Unl!\CCe15t.ableto tho public since they can cause alarm
with rogard t,\') tho safoty 0:1: tho Eltruetur.o. Tho ro£orono(;l
also states t.hat t< d..:lt'inito limit. on tho mt\ximuln oracle

5



2 DETAILED FOnMOLATION OF THE PROBTIEM

2.1 Introduction

En~ineers are often more concerned with the performance
of an element at. the ult.imate limit state than with the
behaviour at the at the serviceability limit sbace ,
However, Whendealing with concrete structures excessive
cracking and deflection can have far reBching effects.
'l'J1e prosecuted examination fool.\ses on the oraokin\J
behaviour or partially prestressed members. An improved
calculation method for the araok width prediction of such
members is S(,)U9ht. Two reasons for czack control are
apparent:

p:r.'otactiorl of the prestressed and ul1prestressed
staal a~ainst corrosion.

aest.hetic considerations.

2.1.1 Protection of the prestressed and non
prestressed steel against corrosion4

Hydration of concJ'l:'eteproduces a humber of alkaline by"
products, tha main one baing calcium hydroxida having a
pH of 13. Whcm these compounds come into contact with
bonded stool, a pass!vU'cing protective 3.aya1:'01: forrio
OXide is i:ormccl. ';(,'hiEl pi'lssivatin\J layer may br' broken
down mainly by carbon dioxide, Which roacts with the
calcium hydroxide to form oalcium carbonate Which has a
plt of' 011ly 8. '1'h.irJ j,s dctt'.imcnl;,nJ. to the prococrl:icm t.,f

the staal. since tho lower tho pH of 'tho pass:lvatil1ej
layer I the loss effoctivl3 it is against stopping
corrosiOh.

It ia especially important to protect prestressed steel



(3) Wi~h lower values of prestress, the compressive
strength of the conaroce at transfer need not be as
high BS for a fUlly prestressed member, leading to
cheaper concrete, if transfer stres::..es are
governing. The problem of cracking due to bursting
in the end zonas is also diminished.

(4) Low prestress produces relatively small elastic
shortenin9 (inder~ep shorteninc;t,hanee reclucillc;tt.he
loss of prestress. Also as a result of the lower
prestress, volumetric changes in the concrete will
be less, therefore reducing the possibility of
cracking at fixed member connections.

(5) Tadros3 observed that a partially prestressed
member is capable of carrying the same load as a
fully prestressed member significantly earlier for
the same concrete strehgth because of the redueed
str(H..ls(':H:l £tt tl~allStOr.Hence thQ shuttering may be

stripped much earlior and therefore used morta
ecohomioally.

(15) Most importantly I fully presttesse.d sections can
rOl;lult in bdttlo uo lutiom1. tt'ho prcdol1l:lnal1t
requiremont of service, in particular ara~cing, can
produce overprestl."essed sections Ln terms of thea
ultimate limit state, re.stlltingin a low ductility
capacity of the member. Such members
suitable for moment redistribution or
analysis and design.

1:1):0 not
plastie

:3



steel,

1.2 Reasons for using partially prestressed oon~cete

Tradi tionally I prestr~ssed concz ebe flexul'aJ.membez s wt;'re
designed for no r~acking under full service load.
However i it WaS then ree\Hscd that fully prest:t'cssed
ll\ambcrs did not always offal: optimum s'l:.ructural
performance and were not neoessarily the most economic.
Hence partially prestressed concrete was recognisad as
being a viable alternative to both reinforced and fully
prestressed concreta. With this recognition, reinforced
and prestressed concrete are not seen as two completely
separate el1tJties I but aSI boundar-Las of a spectrum, of
which partially p:r.stres~lng is a transitional stage. The
reasons for using l')artiall.yprestressed concl'ete cvar:
fully ~restressed concrete nre num~rous, fOr example:

(1) Prestressing stoel is more expensive than ordinary
unprestressad reinforcing due to its high
strongth. partially prestrassad concrete UD~S loss
prestressed steel than fully prestresSed concrete
and hence the members can be more economical.
(Obviously there is an optimum ratio of the amounb
of prestressed steal to the amount of unpPBstrasscd
steal in B given situa~~on). In the casa of post
tens.toning I 1:1 redUction in the amount; of:prestressocl
steel also leads to a saving in the cost of end
anohor aqas ,

(::J) '1lhe initial l\pW~lrdt:.\m)jc):· befOl'O 10ad1ng i8 lc.ws

than that of a fully prestressed member dUe to the
reduction in prostross, If the live load is large
and mostly transient in natura, such upward camber
can increase to undasirQble valuos duo to aroC~.

2



1 PAnTIALLYPRESTRgSSEDCONCRETE

1.1 Introduction

The purpose of this dj,ssertation is to examine the crack
behaviour of different partially prestressed concrete
sections. Initially a brief historical overview of
partially prestressed concrete is presented and the
benefits of using partially prestressed sections are
enumerated.

Partially prl'lstrossed concrete members are members in
which crackil'lg is permitted under full service load,
while containing both prestressed and unprestressed
steel. This form of structural eLcmant; is now widely
accepted and has been promoted by many researchers Over
the last forty years or so.

'1'11.e orieji)) of partial prestressinej is geherally credited
to Bmperger1, ah Austrian engineer. Not satisfied with
the cracking and deflection characteristics of some
reinforoed oonc!ete beams he had beeh deSigning, he tried
to :tmprove their serviceab:t1ity behavLour by addinej some
pretensioned wires to his design, I\bolcs~ took the
concept; furt.her vlhehhe realised the problem of pl::'est:cess
losses. Having ;Investigated this problem, he convinced
British nailways in the 1940's to use partially
prestressed sections in aU their hew bridge desiejns.

Due to their superior performance ovar l~eit1forced
conorete members, partially prestressed concrete members
can be smallcr maldng them more aosthet:i.dally ple~\sing I

While they are more econondca l than fully prestressed
concrete \\\embC!):'s.The term fully prestressed describes a
member containing only prestressed steel, whereas a
reinforced concrote member contains only unprestressed

1



residual crack width
bOhd ·factor for Bennett ahd Veerasubramaniah
bond factor for eEB/PIP 1978
loadin~ type f.actor
strain at the level considered
COhcrete tensile strain correspohclihg to the
fictitious tehsile stress I :tel

average strain
incremehtal steel strain in hOn prestressed
steel
strain in non prestressed steel after
decompression of concrete at level of
prestressed steel

~B.u additional strain in non prestressed steel
occurihg"between decompression of cOhcrete at
the tensile face. and decompression at the
level of the prestressed steel

~l bond factor
~2 stress type factor
p ratio of tensile steel to concrete area (bd)
l:lO sum of circllmferences of all tehsi!e steel,

prestressed and lion prestressed
bar diameter



h

prestressed steel
depth of section
craak height remote from a rl~nforcing bar
di~tance from centroid of tension steel to
neutral axis
distance from extreme tension fibre to neutral
axis
prestressing index
second moment of area of concrete section
cracking factor, usually dependent either on
the combination of prestressed and non
prestressed steel present or the type of
prestress used (has various subscripts as

defined in the text)
constant related ·to the stiffness of the
aggregate

M banding moment due to applied loads

k

Mo aracldng moment
Md moment due to dead load
Mckc decompression moment
M, moment due to live load
Mu",. ultimate moment sue to prestressed steel
Mu•s ult:tmatemoment due to non prestressEl.dsteel
Pl'R partial pt'estressinqratio
S tension bar spacing
So crack spacing
tb distance from extreme tension fibre to centre

of adjacerrt bar
distance from the side of the beam to the
centre of the adjacent bar
crac)'.:width
point load
depth to neutral axis
smaller dimension Of a link
strength factor related to
characteristics
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whore:
(31 is a oonstant which was derivod from tho values
01;' :t"esithttH ol::'aek width obtainod af'tor romOVirHj tho
loud from '1:.)10 totl'\:' bmnl\s. '1'1\(.'1 tlUtJt;100tet1 va Luo fell"

deformed btU'S is 0, 02 nnn
(32 is a constant depending on the bond
elHlt'aetaristics ot the unprestrossod stool. l~or
doformec:l bars, (:12.. G,5

l:. ill tho inen:ollltm'l::al Iltr<'1£iOin the UtI{'Jl'.'tWtl'OSl:10d

otcol after concrete doaompreDoion at ~)o soffit of
tho boam
c1~ il:J the eono1"'ote cover to tho eentro of the
poaresrt bn:!:'

Thoy do not stute whothor tho calculated crook width is
at the level of th(;\ tensile stool (prostt"OSSOtl or
unprostt'OSsad) or tlt tho tenaHa faoo. :tt should be not(."\d
that oC;1uation (2.9J does not take tho bond
cluu:'actaristics or the typo. of prestrossad ';I't::.oel into
account. Note also that aover, dut has beon included in
the equation, b\1t thor,,) is no mantiol' oR tho oomposition
of stool arMS. IJ.'ho tC3rlll 811 tho stool st:ruin, iH s:!.mply
the stool stress dividod by tho clastic modulus I Ell

as Illuming 1~hat tho load lias in the elastic rango.

fJ~haoquc\tion prot1ie'l:.int;1 craok w;td'thi11 the above codes is
based on tho work by 13oeby'6 on 1:'oinforood ooncrot,Q and
inoluded tho ohanges rccommol'ltlotl by Boeby at al~o that
worD noocssury for prcotroDsod concreto. soholz~ Dtutos
'bhat t,h;l.s oq\HrUon it' ecnnplox mid thCl:'oi!ore oan be
unattractive to tho daaian engineer. The muximuM crack
width at the tOl'luilofaao is given by:
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prestressing used.

Table 2.11 ValUes of k for Nawy & nuang21 and Nawy &

Ch:I.I!Ln9'21

'l'ypa of (n:estress used k

post tensioning (unbondod)

NtHlll\L\)1~1conolud(w that this oquntion inoludao most of tho
importtll'l't ptll"Lllll(:i'\:;e);'s time have an affect:: on t,}1c Cl:(\(.1Idng

bohuviour of pe\l:'ttnlly prostrot1sod mombr.u:,sI oxeopt tht\t
of tho oonoroto cover. HowoV'ol:'I Nawy2.1 beliovos ·that the
dOVOl:'is adcouhtad for in tho tOl:'mAt'

(4) Bennett and Voarasubramanian25

The main objoctivo of this stUdy was to oompal:'o tho
cracldng bahavioul:' of four different shapod dross
sections: rl.)ctanqulnr, I, T and dompositol Bennett and
VeoraSI.lI:il:'amonian1sbaliovod that. 'tho axii'lUng l:'osoaroh of
tha timo that.: had fooutlot1 sololy on reettlht;jult\r beama was
not typioal of practic.lo. Hence thoy wanted '1:0 find :i.f
there was any oorrelation between results from
rectangular sedtions and thOSe from X, T and aompositG
sootions. It wos in fact found that tho shape of tho
oross section had no lliOBsurabl0 influonoe on tho crack
witlbh. Il'hoir prol,osod equation for prediert.:i.ng ma:d.nmm
orl:1cl,width woo:

19



steel combination kw
d~formed bar-strand 2/55
deformed bar-wire 3,01

wires only 4,50,----------~------
ScholzLl tfoul'\d that oCluntion (2."IJ predicted ltu.:'get" cracl<
widths to thostl measured In tho toots by ~'tUisi ot nlu.

A oorico of pretonoianad I Dnd T boa rna were testod by
Nawy and IrUahg21 t whUo NilWY and Chian(.f2 tested a serios
of past tanDionod unbonded T banmD. Similar eguutiona
WOl~a dor1:vcd fl~om tho results of both tests and tho
maximum oraol<: width at tho 10'101 of the unl'rcltltrotJsdld
steal ~las su~~estGd to be:

A
\'1 ::l k _,.E.. 1!j/

)JO
(2.8)

where:
)1\ j.s tho aren of oOhCreto in tonslon below tho
neutral axf.a ,
EO is the sum of the perimeters of all tho bars.orassing tho scotion on the tension side
~ io thc inoremental oteo1 stress after tho point
of decompression ut the laval of tha Ul1t>rostrossocl
6'I;Qo1
k is a variablo f;'t\Cl'l:.ordopantlinlJ on tho typo at'

18



(2) Su:d and Dilger2U

Suri and Oil.ger20 used a statistical al'proach on already
Gxisting equations resulting in an equation predicting
maximum craok width at the leVel of the unpl:estressed
steal:

(2.7J

whoro:
~ io tho inoremental stael stross aftar the point
ot dooomprossioh at t,ho lovol of tho ltnprcotrossad
stool
de is -t·}10 ooncrct::e covez to the centro of tho
noarest bar
.At itl \;Im 1I1:t.1I.\ oJ; concr-et.o in ttllloion below tho
nnutrul axis. It WtW arguad thut .AI vurias au ·tho
nautr\:\l axis vnl"l,(~sand honea the ofract of t:ho load
lavol on tho c:ra.l)k width would be botter
represented.
(As+llI1M) ,is the total arM of tonaHa staal. Su:d and
Oil(Jor1U elwlJtl to .1.11tJ.1mlc tho total tU*cH\ of ot()ol Ln
t:ho OtllHlMon illOtcutl erl;' only thu (It'(\(l o't'
Ulip;:ostressod stOOl, u:tnc)() for n l,flrgc value of
prostrGss, tho Bran of tho preatrassed stoel aan bQ
of si~nilar size. to the area of unpres't.ressed steel.
The observat.ion by Bennett and Chandrasel<.hElr~o that
the d):.'t\clt ~ddl"h 1til 1I'l[:lutJI1eCld by I among otlWl"
f,H~tcn:'tl, tlw t,utn.1. tIl'Cla of [1too1 h~:e(Juptleetvtl 0(: thu
dogt'tlll of tJt't'lfltrtltHJ / supports t~ldtl d~'lcll:.i.ion.
kw :is a V(;\'I:' j,nbla :t'uctor (.lapcl1tUng 011 t~ha typo of
prestress ad and unpraatrossad stool used. suggosted
values arc:
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Table 2.1 Values of k; for 1\':!I 31a-a31~ and
CAN3..1\23.3"'M84}!) by su:t'i and Dilger211

S't:eel combina:bion kw

deformed bar ...strand 13,7

deformed bar ....wire 20,3

strands only 21.5-
wires only 37.2

-.,_..."..

cleformoadbar ...unboncled tendon 25,0,-

When SchOlz"! compared 'I::.11erosul ts from equation [2.:3)
usin9' a factor of kw .. 13,7 to thla results Ot the tests
by '.I'ansi at al15, he found that kw ...11 in fact gctve
better results Tor the deformed bar-strand combination
I!ltlcll:3U}:lsequently suggested reclucing all the kw values
suggested by sud and Dilgor2() accordingly:

Table 2.2 Rectuoed values of kw fol:' AC1 310 ...S31fl and
CAN3"A2.3. a"M0419 by Soholzl,1

Stael combination kw

claf'ormed bar ...strand 11

dof'cl~mad bar-wire 16,4
strands only 17,4
wires on1.y 30,1
1--
deformed bar-\.mbonded 'bondon 20,2-
Howaver, thesa reduced values need to be verified by
experimental results.

16



[2.6J

whera:
'tb is the concrete cover to the centre of t.he
noarest bar
t. is the dista.nce from the side of the beah\ to the
centre of the adjacent bar
A~ is as described ~bove for equation (2.3]
h( is the dir.:l'tnnce from the centroid of the tensJ.on
steel to the neutral axis
hJ is t~hccHstanca from the Clxtreme tUhsicm fibre t.o
'the neutral axi.s
fk is the j,ncroll1ontal E)·tool El'hI'CSS aftol" tho point
of decompression at the laval of the unproatressod
steol

S1.1ri a tIC! Dil~cr21) ro-evaluated cquat i.on [2.3 J and
E;'lU~~cst:ed t'epl(1cin~ the f ..\ator of kw "" 11 by (\ vE\]:iablo

kw' 'J.'hey found that ec;tuation (!L :3 J worl<.cd well fat'
protens ioned st:r:,tnc:lEl tmd t1efol"metl )),,\l~tjI but
underestimated the craek width for othol: combinations.
Tha factors they suggested Were:

15



A~ is the area of concrete in t~nsion around par bar
aD shown in Fi~urd 2.4

prast:tBssad
steal

unpr cs \:l"assec1
stael

I centroid of
tensile st:eel

Figure 2.4 Oefinition of Au

C 2.5]

Whan the tensile steel consists of prestrassod and
unproutl'CH.ltlcd !reco1 oj d iL:J:crcl1t lUmllctero I 'I:he
"off:'act:Lve" number of bars is calculated by t<:\k1119 tl'le
total araa of tensile steal and dividing it by the area
of the largest ber.

This aqua~.'.ionis a modifiod form of the Gcrgely"IJutz
cqunt:j,onll wllel~a t:lw 1\\(,\:.:(111111\1C;WiWk, VJ,Ldl:h i::1 t;Jl vun at '1.::110

level of th(~ ullprm ..l'brossod steal:
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Two types of equations for predicting crack width in
partially prestressed concrete are apparent:

(1) czaok width. is related to the incremental steel
stress

(2) crack width is related to t.he fict:i.t.iotlsconcrete
t.ensile stresS

2.3.1 Equations relating the orack width to the
incremental steel strege

The majority of equat.ions in this ca,tegory ..'ire of the
form:

[2.3]

These equations are davelopments of the theory described
in sections 2.2.1 to 2.2.4.

'rhe max:i.,l\\umcrack width at the laval. of t.ha unprcst.rassad
steal is given by tho a~uation:

where:
kw "'" 11.
,1" Lu thu ;inm't!I\\L),lll~,d. ut('ll~l u\:.rtHH:J altol" l:11O po lnt,
of docompression at tho leval of the unprostroDsod
~1tool
a, is tho CbrlCr(~to cover to tht'l 0011tro of the
nctll'ost bur

13



moment

~i9ure 2.3 (a) Moment"oraok height ourve for reinforoed
conorete beam

moment

Figure 2.3 (b) Moment"oraok height ourve for prestressed
ooncrete bean\
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Beeby's equac ion516 for the prediction of crack width were
complex I and were therefore not sui table for everyday Use
by design engJ.neers. As shall be shown, both t.he
equations by Beebyl(Jand Gergely & Llltzl3 Were adoptee! by
CP Holt and ACI 3ln~!:l31g & CAN3-A23.3-M841Yresrmct.ively I

and suitably modified for partially pres'l::.:ressed concrcbe .

2.3 previous Research and Code Reoommendations

As already noted, many of the equations predicting crack
\lltlt.h amI coclu ~:et:umh\k.!l1dnt:L(J118for' 1.L1\\i'[:tnq cr-ack \oJi'!:h
\I/ere ))\bcl:U;ications of thCHHl app Lf.cab l.e to l·cinforccd
concreto. 'rhi~l ll\otlificat:i.ol'l was l'lccessary due to the
difference ill cracldnc.:r behnviour'211:

unprestressed reinforcing has different bond
charactaristicn to prestressed steol.

the ct'Clckil19' behaviour of reinfot'ced and prcst:;rassod
concreto dlffar. Figure 2.:3 shows the difference
between cracking in a reinforced conorete member
(Figure 2.3(a)) and a prestressed concrete member
(l?ic,Jut:'e 2.:3 ()J) ). rn a rcinfol'oct1 0011('11'01:0 }1\clllbc:!:'I
anew the cruClJdng )\1omon1;: has been t'cttched I the

moment capacity of the section decreases as the
crack h9.i.c.:rhtincreasl;ls. Nhile still t:lpply:1.!1gmoment,
the crack height will continue increa~ing and once
again the value of the cracking moment will be
eOdchcd. 'l'h],1.1 hai(Jh h is ro1'ol:1'o(l t.() UfJ the in:Ltitll
crack he 1C]hi:. t.Pho cr-ack height wiU then eonuLnu«
incroasing with an increaso in applied moment, and
'.:.1101'0 will bo 11C) chango in tl1.0 c~~ucJ.::pattc.'ll'n. In a
prestressed concrete membe~, the initial crack
height is very small and thm crack height simply
increascR with an incraano in appliod momont.

11



as :Ln (n).

-, J----- -------j
"""'~" ~

-- ..... --- ... ------- ..............

Figure 2.2 (a) cra~king distant from a bar, controlled by
ho

i
Figure 2.2 (b) cracking at a bar, oontrolled by ao

HoweverI some slip will. occur and hence the effeotive
height will. be greater than ao sLnce the crack width is
not ~ero at the bar surfaoe, loading to behaviour that is
intermediata between the ho and ~ oracking pattorns. If
large slip cccuzs , the crack pattern will then tend
towards that of oracldn9 remote from a reinforoin9 bar I

J.e. the ho oontrolled pattern.

10



Pau Lay" argued that the appr'oach by Gergely and Lutz1:! was
unsatisfactory. However, Scholzl4 found that the Gergely-
Lutz equation13 correlates well when compared to )JIsasllred
values from the tests by Tansi et alls•

2.2.4 Beeby's suggestion of interaction

Beeby16 found that the crack w:ldth and crack spacing
increased with the distance from the reinforcing bar
until a constant value was reached, at which point both
the crack width and spacing were dependent on the crack
he Lqhc rather than the distance from the bar. Beeby16 then
suggested that interaction between two basic crack
patterns would lead to the final one.

(a) cracking distant from a reinforcing bar

'1'he crack hei.ght 110 controlS the cr-ack pattern and
is assumed to almost reach the neutral axil:; (as
shown in Figure 2.2). A cracK that is fUrther than
11u frOin an exist::i.ng crack will not significal1't:ly
influence the concrete tensile stress between two
exist:i.11g adjacent cracks. 'l'herefore o.r~\cJ<swill form
between 110 and 2ho indicating an average of 1 t 5ho•
However I Beeby I S tests16 indicated an average of
1,33110' IIence the c't'acl..:width is dependent on crCtc]<
height and not the di.stal1oe from tho bar.

(b) cracking directly over a rc:i.nforcing bar

No slip theory suggests that wedge shaped cracks
occur as a reSuLt of zez-o crack width at the
reinforc:i.tlg bell:'. If tha effectivo heic;Jht of the
craek is ou, Le . the distance between tho tensile
faco and tho reinforcing bar (or tho cover), the
mean crack spacing is 1; r:;cu using the same roasoning

9



3 l'ROBiJJ!lM 1\SSESSM1!r.N!t'ANn DE!t'AXiJJ!lDRJ!lSEARCll AIMS

3.1 Apprabal of the equations and methods p:tEu:lented

AS has bean shown in sections 2.:1. 1 to 2, 3 •3 I the methods
for both caloulatinc:t and limiting craok width can vary
considerablY·

For some time, researchers have aq:r.eod that the
incremental steel stress approach is fundamentally more
COl::reot than -the fictitious concrete tensile ertress.
Bennett and Chal'ldrasekhar3ll summarisad 'the reasons why
whon they noticed that the craok width was elosel.y
ral.ercad to 't.he stress In tl'ia s'toa1 after c::rMldnq wh.'l.ch
is lal.·galy depondent on tho total aroa of stelll. Tho
fictitioUS tensile struss is c:mlculated using tha whole
seotion as if in an uncrackod atata and hence it is qui'te
insensitive to the total area of st:eal present. This fact
wns smphasized by Naaman and sir1ak90rn37 whlilmthey
compared the fictitious tensile stresses for single T,
doubleT, rootangular sJab and hollow coro seotions. For
a limi tinq craol<: width Of 0,2 romthe stressos varbet
betwaan 3 Ml?a antl 23 ~tPI!\.

Scholzl~ ccm};.)e\rtaclvarious equations predioting craok width
to the t'aslI.lltlll from tha tests by Tand at al15, He fOllntl
that thlll:'e wa, a larc:ta I!Icatter of pradiotad O1.4Z\ck widths
and sug9'sstsd that the oquatioTl :from hex 3lS-a:lu and
CAN!3'"')\2::l.3"'M84t9performs bast (using his reduced values
of kw as il'l Table 2.2). Equations f:t"omtha resoarch by
Suri and OilgQr~o, the CEB/FIJ? lP70 rocommencli;\tions;'~and
thGl hypothatic:ml tOl\sion stress method of CJ? 11011, as
9110:16, SAl3S 01,0027 and as 540028 tlll seamod to oV(.;rest.imato
the mouut'od ct'aclt widthS I While tho 0c.tuationo from tho
CE13/Fl'l?19'7S rocommondlyt:.iolU13:l, ell uol'l, as Sllo26, SAns
01002'1 and as 540028 undet'ast-:imated.



nominal oraok width and i~Yl?e of prostresse..d steal used.
This method has tho advantaqa of. bein~ easy to u~a in
clesiqnl but Scholzl,1 shows that the values are
conservative whan eompared to the t'a91.11t9 from the tasts
by 'l'ansi at nlB.



tel is t.he fiotitious oonorete tensile. stress
11, is t.he area of conorGte in tension beloW the
neutral axis.
118 and 11111 areas of' unprestrassed and pl-es'l..rassed
steal vospootively

lIls rosuH-:s eompl!lre reasonably wall t.o those from the
tests by 'l'ansi at atL\

2.3.3 Craok width oontrol by limitation of stresses

AS witt\ equations predicting crack width, crack control
by limitation of stressos ean be related to both the
il'\Cr~)l\Clll'tal otG)ol lJtl;OIJfj and tho ;ttietit:tot\£l eonet'etc
tenaile s'l::ross.

(1) craok width oontrol by limitation ot inoremental
ated stress

In the sw;l.ss coclo SIlo. 1(j2-19Ga~6, ct"aol< control is
aohiavod by limiting th<1 i.norease. j.n stress in the
pt'astr';)ss4:ld stael to O,l/PIII but nt;lt mora than
150 Ml?a. In bridge design this increase is limi tCIC1to
0,05.1.'\,111 but not mora than 150 Ml?e. also

(2) cr,~¢lt width oontrol by limitation of' the :t!iaUt.ioul!I
conorete tensile stress.

'rhQ above ccdan },ll.aca an upper limit on tho tonsilo
streosos in tho concrete by calculating tho fictitiouu
tansile stress, assuming an unoracked saction. Tho
tlmi tf,l~g otrClj(ICf) Vnt'Y \'1 i \:'h Ot)nal'ctu ':Jl~adtl, twtlOptnblo
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[2.24)

W1HilrQ:

Sct is the fiatitious concrete tensilo strain
ae is the corlcrete cover to the centre, of the
nmIt'CHlt bHl~
A, is the arca of ooncrote in tonsion around pDr bur
ad shown in Figure 2.4
OJ and 01 are variable acoorclinc; to the t~ype of ot(1e1
nearest the tonsile faco;

deformod bars 12 S,4

lei 12stl:'and

As mentioned obrlior, inoluding strand as unprostrasned
Iilt~e:t in an oqmrCion :Ls tlseJ,o.sa ).:)Qotluseit is vary rarely
used in this way.

SoholzW propouod an equation basod on tho CEB/VIP 19'0
rooommG,\ndationoJ3 using tho hypothotiotll tonl'Jilo strollS
9i.vin9 tho ot'Mk wid,tl1 at thtll leval \':)f tho tOl'!sUtl stoal:

(i3. au 1

whore:



c is the cover to the surface of the bar nearest the
tens He f~,ce
tel ls tho f:tctitiollS conc:a:ote tel1silc. st::t:oss

k is a variable depending on the type of
unprestros$ed stMl used:

\t'able 2.7 Values of k for Dennett and Chlllndrast!lkhar~o

stranc;ls

'rhey concluc;lethat tho valual':! froln the el'll1ationcomp:::,re
well with their 0\1/1\ ltIoasu:cod values form their tasts on
p~rtially prestressed beams, but better results are
obtained from thoir R4uut:lon relating tho crack width to
the incromental steel stross.

(3) Moiar and GargolyU

MUer ~\nd GergelyJ$ examined existing elc;tU8'tions for craok
width l,)l"adiotlon. They proposed us:!.ng tho 1!ict:ttious
'l~om1i1o trt.~rol:."l~lIIothod ever tho j.ncrolltc.lI1'l:alstool otro(~s
method botlt\l.\SO'\!hoy folt 'chat tharo wao littla dif1,'cronoo
in accur-acy between the two I whila the ficMtious tensile
f.jtressmothod was Molest to clllculttt:o. '1'hey put iorward
two ec;tulltions fcu;" oaloulation of maximum orao);: wid'th at
the ton(JUo fM()':

and
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(1) Beeby and Taylor~

~he following equation for cqlculation of a desi~n crack
width at the tensile face was proposed:

(2.21J

where:
tel is the :Hct! tious concrete te)'\sile stress
h is the depth of the section
x is the depth to the neutral axis
20 is the elastic modulus of the concrete

Bennett tli'ld Chanclrasekhal:'3o note that the equation
performs wall. when compal~edto their results I but the
inolusion of the noutl:'al axis depth, x , although logical,
rfllmoves some ot tho simplicity of the hypothetical
tel'lsion stross method. They also state that the equation
loses some acouraoy whon the cover is lar~e.

:tn adrli'h.i.onto their equation :t'oJ.ating the craclt width to
the incremental steel stress Ln the prestressed or
llnl'll"'t~otl~atlSocl~jtnc'l, Aannct~trind Chahrlrnso1~lHil"'3() Sl1lJgcst:cc1

tlw 1:o11ovJln\:J tJtjuation lw:lntj i~IH~f;'JotJttoUI;l tonsi' c
di~:t'oss J:Ol: cmlcll,,'lHI~.ionof' nun::tmlllll l'l:t'fH:Jk wj,rltll at bhQ
ooncrote tensile faco:

(2.22J

where:
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[2.18J

1(1 "'" 1 .for high bond bars
2 for plain bars

1('1 :;::, :1. for ·the firs'\: load or sus'\:ai11ed load
0,5 for a large number of cycles

ana

(2.19 J

~IIu 0 J 11 for high bond bars
0,8 for plain burs

~2 - 0,25 for axial tension
0,125 fOr bsndinq without axial foraa

Scholz14 found tho ct'llculu'\:od crack width to be cOlllparable
with the vaLues from the.! to£;lts by Tansl at alls•

2.3.2 EqUations relating the drndk width to tbe
tictitioua OOfiQrete tafisils st~ess

This approaah WBS originally dovised by AbelG~ und was
promcr\:.o(lby tho rcsoi:lrch done by Beeby et. al~9. 'l'he
gancll':'al form of tho equations 1S:

[2.20J
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(8) CBB/rIP 1970D

For non repetitive loads, the crack width at the level of
the unprestressed steel is given by:

(2.16J

where t. is tho incremental stress after deoompression of
the ooncrete at the level of the unprestressed steel. For
repeti ti ve loads I 'I::heequation baconas t

W=O,OOlfAil (2.:1.6J

Soholzl4 compared these equations to the measurements by
Tansi et al'5 and found that they exceeded the measured
results. However, he states that the results could
possibly be aooeptable for engineering purposes.

(9) CEB/FIP 197a:l3

This equation is an imprOVementover the one from the
CEB/FIP 1970 recommendations32 since it takes the bond
characteristics of the unprestressed steel into aocount.
The sU9gestsd crack width at the level of the
unprestressed steel is:

ttL17]

whore So is the era ok spacing and
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AS for the tests by 13el1nettand chandr-asekhar-"I the
Usefulness of these tests is also doUbtfUl, for e~actly
the same reasons. Three series of beams were tested,
series :I. havinq pretel'lsionedand tlnprestressed 5 mm
wires, series 2 with post tensioned and tlnprestressed
5 mm wires and series 3 with pretensioned and
unprestrassed B mm "oyform" strands. The proposed
equation for maximum crack width is (i"heydo not state
where the cracks were measured on their test beams);

(2.14]

where :
:f". is the incremental steel stress in the
prestressod steel
h is the overall depth of the section
c'ip is the depth to the centroid of the prestressed
steel
A~ and Ap. are the areas of' unprestressed and
prestl."essadsteel respectj.vely
kb varies acoording to the type of steel used:

-Type of steel kb (mm4/N)
5 romsmooth wires 2,8 x 10.3-
5 mm rusted wir(ls 1,4 x 10.3

a mm Dyf.ormstrand :1.,3 x lO'~
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probably not relevant for praotical use because Of the
uncommon types of steel used and the method of
prestressing. The proposed equation for calculation of
maximum crack width at the tensile face is:

[2.13]

where:
e~ is the incremental strain in the unprestressed
steal after decompression of the concr eue at the
leVel ot tha tal1dons
L\ehll is the additional strain in the ul1pre.stressed
steel occurring between decompression of the
concrete at thEltensile race and daconlpression at
the level of the candons
c is the minimum cover over the unprestressed steel
X, and k2 are varit:tblesdepenclil19on the type of
unprestressed steel used as shown in Table 2.5

Table 2.5 Values of kl and k1 for Dennett anl~
Chandras(\lkhar;\iI

Typa of unprastressed steel x{ k2
...............

deformed bar 3,8 20

strand 3,8 20

crimped wire 5,0 30

(7) Bennett and Dav~1

A total of forty beams were tested with different
prestress and types of prestressed and unp)..·est1."ossBcl
steal.
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where:
M is the service load moment
XI is the distance, measured from the neutral axis
to the point at which the strain, 81t is SOltS1ht
Ee is the elastic modulus of the concrete
Ic is the second moment of area of the cracked
section

Scholzl4 concludes that when compared to the measurements
by Tarlsi et alls I the calculated crack widths correlate
wall, giving results similar to ACI :318-83,8 and
CAN:3"'A2:3.3"'MS419• However, the calculat.ion is ~omewhat
mora elaborate.

(G) Bennett and Chandrasekhar311

Bcnlmtt and Chanc1:r.·asekhar:111tested f.'l series of 'twenty
beams varying the cover, the type of unprestressed steel.,
and the prestress. They found that deeper cover had an
adverse a,ffect on the crack Width, that is, as the cover
increlZ\sed $0 dld 'the crack width.

Howevel·, 13e11nett and Chandrasekhar30 used unusual steel
for the unprastrassed reinforcing. POI' example, as well
a$ using deformed bars which are in commonuse, three
wire prestressing strands and crimped prestressing wire
w(.~reused without pres'tress. These two types of steel are
not commonly used ).1) this vay , because they are more
e)(pensive than ordinary deformed bars. Hence the results
from these tests are of C,(l.lBstionableUse. 'liheir method of
prestressing, post tensioned grouted wires, is also not
in common use , Post: tensj,c>l1cd t;1l':'Qutsdel.ements usually
ccrrca Ln seven wire strand which has bott<3r bond CluaJ.itj.es

and is therafore mora dasirable.

tl'helr prolJosed equati.on j;or pretlictinCj cruck width is
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[2.10)

where:
ael is the distance from the crack consLdez-edto the
nearest longitudinal bar
amll) is th~ minimumcover to the tension steel
h is the depth of the section
x is the depth to the neutral axis

81\11 the average strain at the level under consideration,
alJ.owing for tension stiffening is oalculated from:

b(h~x) (ai-x)
3Eg (A,,+Apg) (d-x)

(2.1:1.)

where:
b is th'~ width of the section
a' is the distance from the compression face to the
point at which the crack width is being calculated
d is the effective depth to the centroid of the
total area of tensile steel
,FJ1 is the elastic modulus of the unpres't.ressed steel.
Aa is the area of the unprestressed steel
AI'3 is the area of the preAtressed ste~l

and ell the strain of the ful:t.y cracked section at the
level under consideration, is oalculated from:

(;L 12 J
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Tab2e 4.~ Beam properties at the time of testing (oontinued)

Beam ! b (:on). 1 h. (mlil) I e, (~) -l~:-<~}- I )\-s (hlLl) A (mm.2) Pe (¥.N) I feu (MFa}.I ~.

lDi2€2 I 161. I 305 I 274- 228,5 I 226 I 74,84 107,4 I 48,.8

D3i'1 I 161. f 310 - 228,6 ~
J 149,68 201,9 I 46,,7I

I I I I tD3Ei2 I , - 149,68 198z 1. J 43,4

Note: Beam B3il failed upon application of the prestress during manufacture
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Table 4.1 Beam properties at the time of testing (continued)

BeaIll f b {mm} 11 {!mil} aB (mm) I al' (mm) I As {-> Aps (mm') Pe (leN) fca (MFa) !

C1./1 I 160,5 302 273 I 452 I

t 57,3 :- - i -

I Cl/2 I 161 ?n8 I 268 I - 452 - f - 57,S

C2/1 I 1.60 I 307,5 I 278 226,5 339 37.,42 I 26.0 54,8
•

C2/2 I 161. I 304 I 272 I 228 339 I 37,42 47,0 54,3

C3/1 1 161. 309 I 271. 226 226 74,84 99,,5 41.,0

C3:€~ I 1.61. 308 278 225 226 74,84 I 91..,3 44,8

C4#1 1.61. 309 - 224 - 1.49,68 I 1.76,9 44,1. IC4#2 160 309 - I 229 - 1.49,68 181.,2 44,1.

D1/1. 161 307 266 I 229 339 37,42 4.7,3 54,8

D1#2 I 160 304 I 278 228 339 I 37,42 47,0 54,5I
_I-- I I I I I lD2#1 159 305 I 276 I 227 226 74,84 97,0 63,1

I
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Tab~e 4.~ Beam properties at the time of testing

I Beaiil 1 i» {1:UD.} I h. (:nun) I d..c (:&mt) J a, (:mm) [ As (mm2
) I A,s. (mmZ) I Pe (kN) I f"" (!{Pa)

J A1.i!. I 1.62 I 308 I 278 i 226 339 I 37,42 I 58,7 I 49,51
A1.to2 !.62 309 I 274 f 233 339 I 371"42 55,8 49,9

A2il 166 301 I 268 1 227,5 22ki 74,84 I 111,5 49.;5

A2jf2 172 303 t 271. I 228,75 I 226 74,84 I 98,3 49,5

A3to!. 1 168,5 I 301 I - 1 229r25 I - 149,68 166,7 49,S

A3i2 I 173 302 I - I 230,25 - 149,68 1.58,6 49,9

B1F1. I 1.70,5 303 I 267 I 229 I 339 37,42 43,S 49,9

t B1./2 t 164 I 303 J 267 I 226 339 37,42 54,S 50,0
f I

I I I IB2i':i. 1.63 302 I ?h4 220 226 74,84 93,7 49,9
1 B2/2 1.66 I 303 I 2::>6 I 225,5 226 74,84 90,0 50,0I

B3i!2 I 1.61 J_ 309 t - f 237,5 - 1.49,68 t 1.67,8 I 50,0I I J
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n'fJAMS USl!lo :eN mm UElSl!lAUCn

-1.1 nus :l.tfh ot' iJ!out 11011111S

I'll 'l:t)1::a1, :Hl bCH\\1s W01AO 'lI\t:\I'll\fucl~\ll:edfat' trastinlj 11'\ the
l.aborato1.·y and thtly !'al1ljad from reinforced col1dr('l'(:c beams
to fully l~res'l:.ressed ooncrerce beams.

l~(j\ll: tied or, tlf~ boams \"mrl~ dcwitJl'lt!t1, each ucr ics twi,l)r:r
~itfo:rcwt types of prestressod stael. Series A, Band C
used 7 ,!).1 mmdiaJncl:~\l:' seven wil:c strzll1d while seriM 0
uned n mm diameter dll\ooth wire. Series A was l')ost
tensioned and 9routed, series B was post tensioned Bnd
ungroutcd while series C and D wore pretcnsioned.
CUmllU!l1Ull lIeu IUH Vlcro p•'!'IV1dud in orct tJl: I:;IHlI~ (J1.~mtLUI'
t"oli.tlld1.tty couLd bu u)Jl'clillml Jxom t~hc ruuu lus , All bCtlliltl

Wl!t'o doO:i,\"(tH:id tC) uavo 1It1proxlllmtoly ocll1t\l ultimat:e
momontu of roaiutunda.

Tho beam ~RctionB wore rectangular, originally designod
to bG b P 1,GO mmx 11"-, 300 1\\)\\, \,11til tht'~ l:Jr(H,r\~rt;'Jflfjct1st.oel
centroid Dt a depth of dp P 224 mmand tho unprestrossod
~I:',ccl ut rill "'" :'Hl!J llIl11. ]\s may bo oxpot:rl:cd, vL,rititiotlU

occn,rt'Y:od in the l\\unufactl.1ringprocess ma Ln l.y duo to 'L~ho
fact th~lt tho sh1ltterint;! was nClt all exact~ly the same.
'PlIol'lC <111IH:mwJ.oMJ \.JOl'C el108tJl1 because rdmi Jill' t1:l1i\t\l1tlit'lml

w(]rn \,'~wtlby ,t number at: rCH'Iorn'cht:ll:'S 1 1:'01' examp l.o I 'liens:!'
ol; ul 1', nUlltht{'t alltl clwndl .uiokhnr " al\d Uulllwl::.L

Vom.." uUht'tlHldlllnn ~\. I) if r(ll~UI1't tlUcrt:.:ltlrlt.\ \>lm~onot; r no l.udccl
.i It tIlL! l'OI:,JOm:ul1 :l Ince HOIl11UU: U!ld VUUrntlu)Jl'dIlH\lllan:"

concludod th1lt thoy had no monsurable influunco on crack
",ddth. '1'ho )Otth\ rll.'UtlUl~Lltl:1 at t,lu' ttlllt· ell I:;mld.I'IU lIJ'U

nilc)Wll In 'l'able! <I. t , \~hilu tho uuot.Lnu tlt"'IH!nUtI urlel uhown
in Plours 4.1(8) to Piouro 4.1(cl).
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control crack width and is in general use by many
practising design engineers Clueto its J.nclusion in the
abovementioned codes , It was also deed.ded that the
equation by suri & l)ilger2U sholtld be improved upon sLnca
it is of very similar nature to the one found in
AC.t 318"'8318 and CAN3"'A23. 3-M8419•

The objective of this rese~rch would thus be:

(a) To develop a variable IIcracld.ng factor Ii based on the
percentage combination of prestressed and
unprestnesseCl steal. such a factor does not yet
exist.

(b) To improve on existing cracking formulae with regard
to the in'f'luencc of the type and application of
prestrassil'lg.

Beams were chosen as t.he type of flexural member to be
tested since they are commonI partioularly In bridge
design Where partial prestressing has found favour and
also beoauae they WOUldbe the ei:\siest both to test and
to manufactura.
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(3) ilicl:emontal steel stress (in the prestressed or
unprastressecl steel)

(4) the effective area of tensile concrete per bar or
the area of concxabe below the neutral axi.s

(5) a variable "eracking factoril whose value would
be determined by the };)ercentage combination of
prestressed and unprestressed steel used.

(G) a factor aceountintJ for ·the type of l:lrestressacl
steel used.

At this point, three equations appear to Lno Iude tho
majority of thoso parameters:

(1) Act 3lS",S318 and CAN3-A23.3-M8419

(2) Sur! and OUgc.u:,~o
(:J) N'(\wy& Huang11 and Nawy iii Chiang22

The first two equations have the advantage of having a
w:l.dcrtlnge of sugt;feSb~d values ear their craeldllg fclctors
and Scholz14 has already focused en thGir performances,
comparing the:l.r prec1h1tecl crack widt.hs to the measunad
values frOll' the tosts by Tans! at all~. Ref 5 also
raCOl\Wtuandsboth the equations by Nawy & Huallg21 ane' Nawy
& chiangD and those found in CP 110", BS 8110M, ShBS
010027 and as 54002K. As eOl1lmentedon before, the British
codes' approach requires l1luchmore effort in calculating
crao)<: width than the majority of other ec;:tlH.\t:lons and
hence is probably avoLdod by ·tho mujority of design
engineers. The oCl\.lations by Nawy & I!uang'll and N'awy iii

chiang;;J are more than likely not particularly well known
among practising engineors since they do not appear in
any codes of pr.actice.

'.1:'11are£o).."o.i'b was decided to fOCU!3 on tho doveloptnent of
tho tnq\.\ation fO\.\nc1 in AC:r 318"'8318 and CAN3-i\23.3-M8419

since it contains tho moot important parameters that
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both the prestressed and unprestressed steel
present

(4) obviously scatter can arise from normal
experimental error and differences in workmanship
between various tests

(5) some ,rosEH.\rchers,for examp l,esuri & Oilgor20 and
Meier & Gergely36, based their work on a range of
different tests, done by different researchers over
a number of years. :It would be preferable if
variable factors such as they have suggested could
be derived from tests performad at ono time, that
would be SUbject to the same controlling conditions
during manufadture and testing.

Due to the wittespectrum of equations and recommendations
found j,n the various codes of practice and previous
research, there appears to be no method at presont. that
can be considered exactly correct. Ref 5 noted Bachmann 10

suggestion39 of replacing ValtleElealculated by these
equations by sound detailing of the unprestl'sssed steel.
However, in certain oases like partioularly corrosive
enviro mente, or where lwrge cracks could have a harmfUl
effect on finishes I it is cbvious that thare is a need
tor caloulating crack width in soma way.

From the reSearch discussed in emotions 2.2.1 to 2.2.4,
one can conclude that the ideal equation for predicting
cracl<:width shOUld contain all tho major oontrolling
parametor.s:

(1) COVer
(2) total stool area
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Por example, they found that under fUll live load, the
predicted crack width by Sennett and Veerasub":,amanian25is
about.eight times the Value from Nawy and Pontyondy38 and
more than three times that given by the equations of Nawy
tS"ldHuang'lland the non repetitive load equat.tin of the
CEB/PIP 1970 recommendations32• The results given by th~
repetitive load equation of the CEB/PIP 1970
recommendations32 and the e.quations of Gergely & Lutzl),

Bennett & chandzaaekhaz'" and ·che. CEB/l"IP 19713
recommendations33 were quite similar I although hi9her than
the ;tesul1:.sof Nawy & Huang21• This large scatter of
resUlts can possiblY be attributed to the fol.lowing:

(1) some of the researchers, for example 13ennatt.&
Chandrasel<har311 and Se.nnett & Dave:!!, uaed
unprestressed stael and types of pre.stressing that
are not in common use. For example it is doubtfUl
whether the results from beams with post tensioned
grouted wires can be extended to other types of
prestressing, due to differen'cbond characteristics

.(2) some of the equations, like those by Bennett &
Chandrasekhar30 and Bennett & Veerasubramanian25 do
not include the area If steel, which influences the
steel stresS which in turn is one of the controlling
factors of the cracl<wiath

(3) some of the equations only consider the
characterist.ics of the unprestrassed steel. While it
plays a major part in dj.stributil"lgcracl~s and
governing their width, the characteristics of both
the prestressed ana unprestressed steel must be
taken into account, as observea by Bennett &
Chanarasekhar30 and Suri 1} Oil<;ler20• Hence the
ideal equation for predicting crack width should
include a variable that accounts for the type of
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N<UUlltll1and HiriaksOl"tlli c:ompU1·~t1tbt~ values of cruck wj,dth

~JJ.Vtlli by var Lous cCluutio11s for a hypotlwticml '1' aact.i.on
(Vi9urc 3.1(&)). They plotted the results BS shown in
Figure 3.1(b) and it can be seen that there ara large
differences depending on the equation used.

ll'igu:r.e3.1 (a) idet'.l:i.sed S(lction and assumed steel
arrangement :forNaaman and siriaksorn17

I :~Z
-I .as

\; IUWi Illd 'CiCfG!I~tt. k, ..,ifl41Idll.') ..-

la' i: m:m 1::~m::IIM~'M)IOI
1~i:;,~:aitl~~llt~~~~I'''.\t\vt ll~/I"ft 1~J~1ff''''Yb!''Ai'I1u!\

10 ~ 1i1)l1" ",.,~ th. h.... ""'".,
JilS'Ct!hl\Z,\,IH\h
~'{I\ • I.U/I Itt.·
A. ,lila tn,l

If' 11.11I',

G •

o OU Hj

Full I.IVij L.oad,

Figure 3.1 (b) comparison of maximum orack widths
predict.ed by different equations for Naaman
and siriaksorn37
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then grouted, with sedes e being left ungrouted. ttthe
leJ'lgth of each 1'11deof the beams were measured as for the
pretensioned beams, in order that the prestress would be
known at the time of the test.

4.3.3 Stressing of tho steel

using the lcad"sxtensiol1 CUt'veS from Fitjure 4.2 that had
be~n supplied by the manufacturers, the required
extension was found that corresponded to the desired
load. l~tleh !jtl:ul1d \hW utJ'litw(~c1 to 0 I ~H:"u in orde,r \:0
COIllPClltlLlt;(l the loss of unollOl'ttt;1C :JIil' I l:mt in come t:HtlC1S

t,lw IJl:l~esu was more than 0 J lUI'"I whiLc Ln other caecs 1t
was loss. When the 1) 1\\11\t1i(;\metel~ wires wa:t'e ),01n9
streSSed, the wire was 9:1.11\p1y inSet·ted into the jaok, and
ones stressing was finished, the jack automatically
It J oul<:(1U of'f'1I or tlnCh01RCU tho stool with 'the bm:rolS and
wedges, Due to t:he. "/,94 mm diameter strand not. bciliCj a
C01l\11\011 sl~o in South l\f1:·J.(j(lj thoro woro no "jaws"
avail.ablo for conoor Is t.ypo of j ack, Thcrt:ot'oro, tho
stt'and was inscrted through the j aok and a barrel and
wedge was placed at the baok of it. Onca thl stressing
was :fil'lhlllud, the stoel was at1cht'l1"ed "nHUmtlllyII by
hnllllll()X;'.1.l1fJ tI pio()(J nO<11' 'l~ho i:rotlt of '~,hc :jack, which :L1~
turn pushed the wcduoa firm1y in to the barral.

'l'ht~ l:)res'creosos .in tho test beam!'.! at the tilt\a of tostinCJ
arc 1)hOWI1 in Tllbla t\. 1 above ,
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4.3.1 ManufacturE! of tbe pretensioned beams

'rha pretensionad beams were manufactured singly in an 8 I i
mbed. Eaoh wire or strand was stressed separately to the
required extension (oalaulated using the stress-strain
aurVes of Figure 4.2), and was anchored by barrels and
wedges which butted against steel anchorage plates at
either end of the bed. The conorete was then poured and
oompacted with );)o]<ervibrators, nlong \odth t.hree 150 mm
cubes per beam. The conorete waS ste2l.m cured I which
greatly reduces ouring time, and once it had gained
sUft'ioient oompressive strength the );)restresaed steel. was
out, so that the anchorages were releasod. once the steel
had boan out, hence transferring the );)J:'estress to the
b¢lam, the length of'tha beal1\was maasurad at the l.eval of
the cl(!mt.roid of the prestressing steel. 'rhis would enable
the prestress force at the time of the test to be
determ.1.ned accurately I usit1g the assumption that any
change in the length of the beam WOUldcorrespond exact:ty
to a chanC]a in langth in the staGl.

ThE!!post tensioned beams ware manutactured in threo
batches ot four beams each. once the unpi:Gstrassed strlel
and the duct pomj,tioning had been ohecked, the concrate
was pourad and oompaoted with pokar Vibrators, as for the
prl':1tl'.lnsion<!ldbeams, don9 with three 150 mmcubas. The
beame wora oUred using conventional methods. Tha duct was
standl'li:d mild steal ducting t'lnd is ttsed in most post
tensioned applicatlons, ones the conoreto had gained
suUicient Dt.rongth, the beams WlllrGlifter;l from thair
shu t.tot'S and strassad. Each strand was trJtlsioned
sr.tpat'!':rtCllyto tho t'oquirCld oxtension, and was anohl.')rac:tby
barrels and wodgos bOel'l:'ing t\ged.nat l,O mm thiol<. t;')'teel
plats!!! buttinq t'l9ainst the and of the beams. Ser.ias A was
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~aple 4.4 ValUes of oUpe strength and modulus ot
elastioity (continued)

".~-
Beam :leu (MPa) .Eul (GPa) .Ee2 (GPa)

-
01#2 54,5 48,5 35,3-02#1 63,1 52,4 31),6-
02#2 48,8 41),0 33,7

03#1 46,7 45,0 33,0
._ --03#2 43,4 43,5 32,0

Note: Eel denotes tlle value of. elaEltio modulus dalc:ulated
Py equation (3.1) as found in properties of Aggregates in
Corlcrete (part l.) 40 I while Eel denotes the "Value as found
in Table 1 af ep 110",

4.2.3 Duoting

The clucting was manllf~cturad from 0,11 5 mm thlck mUd
steal by Armco SUl.'orlit(l and is used in most post
teneiC-l1ed applications. Throe diametol:s Were used i 40 lum
(beam typo 1) I CiO mm (bOt\ln hypo 2) t\nd ao mm (boam typo
:3) •

4.3 Manut'adture of the Beams

All 28 beams were manufaoturecl in a predast yard. It was
deoided to man\.\:f'aeture two beams of aach type in order
that greater reJ.bbiHty could be obtained from the tost
resul ts. Two oKcra fully prostrossod bOI:\msfrom Series D
were manufaoturod since thoro was o~oossivG slip during
t~l!Itin9 of tho Urst two of that type.

!:i4



TSlble 4.4 ValUes of concrete cube strength a.nd modulus
or elast:ldity

~---,--------~~---------~~-~------~~------~~Beam :feu (MPa) ]Sci (GPa)

Al#l 49/5

A1#2
46,3

49,9 46,5I------------·--~----~--------~-------------------I----------~~----46,3A2#1
A2#2

49,5
34,0

33,9

49,5

A3#1 49,5
46,3

46,3

A3#2 46,5 34,0
~----------~------------~-------------------I-----------~~131#1~---------------------,131#2 50,0 46,5

34,0

34,0

132#1~----------~I-----------~---·~~~--------~---~----------~132#2
50,0

50,0
46,S
46,5 34,0

B:l#l~-----------~-----------~.-+---------------~----~,----.-133#2 50,0

46,5
46,5

34,0

34,0

Cl#l 57,3 46,5 35,1
Cl#2 51,5
C2#1
C2#2

54,3.r-----~--~---+--------~---------~--------~4S,7
413,4

35,5
35,0

~----------~-------------·I------------~----------_'_--~C3#1 UfO 42,:3~--------~;-----___.----~-------------~-----.---~44,2 32,4
CIl#l 44,1

44,0C4#2
~------~~-f------------~'-------'-------;--------'---------I01#l

44,4
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be determined otherwise. 'rwooptions were available:

(1) Use of the formula

from Properties of A~gregates in concrete
(part l)~. This formula is a result of research
performed on south African aggregates.

(2) Table 1 of CP l~On

The elastic moduli from both sources were used in this
calaulation for co~parativa purposes, and it was found
that there was vary little difference in the resulting
calculated neutral axis depth and honea the values of the
incremental steel stress, :t. or :tIM and the values of J."w.

It was subsequently decided that the elastic modulus as
calculated by reference 40 would be most applicable to
south African conditiona. However, a designer is more
likely to use Tabla 1 of CP 11017, and this is acceptable
since thet'e would be no marked difference in the values
of neutral axis obtained. As shall be shown in section
6.2.3, the experimsntal ValUe of tha concrete elastic
modulus is not essential for calCUlation of the neutral
axis depth, the incremental steel stress or the cracking
factor, kWI in this investigation.
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... 2 • 2 COllCl.!;:e\!e

The conc~et:.(;1oompr-aasLve strength used in the original
design was 40 MFa at 28 clays, which enabled the beams to
be safel.y prestressed without the risk of end zone
failure. The concrete mix used in the tes'!:. beams is shown
in Table 4.3.

Table 4.3 Mix proportions for 1 m3 of conorete

,---

Icomponent Quantity

cenlent (OPC) 360 kg -----sand B11 kg

abone 125A kg

water 137 t-
superplasticizer 1 e /~n~concrete

'l'his resulted in a cement:water ratio of 2,63. The cement
used was OPC while the stone was 9,5 mm sterkfontein
dolomite. The chnractedstic cube strength, feu, for each
beam was detal'mined hy crushing the three 150 mmcubes
that were s\\ppliecl with each beam. Eelch cube was kept in
a curing tank and was then tested in a we'l~condition,
using a loading rate of 15 MPa/minute, as specified by
SABS OlOOv. The aharnctoristic cube strengths for each
:beam are Shown in '!'abJ.e 4.1, which shows the beam
properties at the time of testing.

'1'he elastic modulus of concl:'ete, Ec I couLd be used t~o
determine the ncutl't11 axis (and hence the J.ncremel'ltal
st:oel stre~.w mId t.ho ct'LldJdl19 factor, kw) Ln t.he \7.ost
beams by calculation. Unfortunat:.oly no prisms were east
and hence the elastic modulus of the conol:'ete, Eel had to
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Pack number : aI20~;-lr~
Mes!) : 5 kg ~
ModuIUti : 193.99 GPI\ -<
Force at 1% : 68.20 kN ~
D,ll! proof' Porce: 69.40 kN j~0.2% proof force: 71.50 kN ()
Mex Porce : 74.60 kN ....
Max elongation : 5.56 Yo ~
Nor.,al relallatlon ~ t..,--- '-f~'i
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til(;/;
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Exf:l.".aIQh r.

,iqur$ 4.4{a) 'ypioal stress-st~ain curve for 7 wi~e
strand type ~restressed steel
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'igure 4.3 Typidal stress-strain dUrVe for non
prestressed steel

48



choosing this diameter are 'thatthe beams would 'then
correspond with other research, tor ~~ample Tansi et
alls and B~nnett & chandcasekhar-" and Bennett &

Veerasubramanian2S, whUe it gave the desired "step
up" in prestress from the pal;'tiallyprestressed beam
wi th lowest p.cestress to ehe next; beam up and
finally to the fully prestressed beam.

stress relieved 5 mm diameter smooth wire

Their properties are shown below in lJ:Iabl~ 4.2 I while
typical stress ...stra.i.ncurves are shown below in Fig'ure
4.3 and Figure 4.4. The remaining ~tress-strain cwves
may be found in Appendix A. Note that the modulUS of
elasticity for all three types of steel is an average
value from three different spocimens, henc~ the three
stress-strain curves for the unprestressed stael.
However, only one curve appears for the two types of
prestressed steel since the manufacturer had already
averaged the results from th~ three specimens.

Table 4.2 Properties of prestressed ~nd unprastressed
steel.

Typo of si:eeJ.

477

(GPa)

7,94 mm diameter 7 wire strand 2000 194
-_
5 mm diameter Smooth wire 1B22

12 mm diameter high yield
deforme.d bar

210,9

47



The beams spanned 3,3 lrt and had 200 mmovarnanqs pasb the
centre lines of the supports in order that the
pretensioned members had sUff1cient t~ransmission length
to develop the reyuired prestress in the beams. Shear
reinforcing can initiate cracking in a reinforced
concrete membez , and hence the test beams were loaded
with two point loads sit~ated 800 mm apart and 1250 mm
from the centre1ines of the respective supports. This
loading arrangement provided a pure moment region in the
800 mm distance between the two point loads and therefore
required no Links , All the crack width measurements ~"ere
made in this region. A schematic diagram of a typical
test setup is shown below in Figure 4.2.

WI 0 W2

~~J l~."J_.. _,L~ -- __ '~"""""b.l
~~lm _~~t 12,5~,~

Figure 4.2 Schematic diagram of a typical test setup

4.2 Materials

The unp:estressad steel was high yield deformed bars,
while two tYr)e~.of prestresEwtl steel. were used:

not ,.11a 1 1:'el.axation7,94 mm diameter seven wire
strand. Although this diamete.r of stl:'andis not
readily Elvailab).e in South Frica, it is
11lUl1uf:ncturcdfor export l1\arJeets. 'rho rC<\SOIlS for
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(4) Ourinc;tthe tlJ..astict't\nc;taof the beams behaviour I

the central load increment waS 10 kN, with damac
and deflection readings being- taken for every
increment. Once the beam had entered the plastic
region, it Was loadod in incl.-ementsof 5 )'nm
deflection tdth the c()rrespondlng load being- noted.
No damec readings were taken at these loads since
they were out of the serviceability rangQ. The beams
ware loaded to a maximum deflection of 50 mm, sinca
this was the mftximum extension of the jack. Soma
beams failed prior to the n~ax;lmumde laction and
hence the ultimate load was known, but f<.'rthe beams
that hadn't failed at or before 50 mm defleotion, it
was obviouo thBt tho failure load had baen closo,
inspecting thci resulting load~daflDction durvoa.
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after tho tost. Henca initial ~eadings ware also
ta)<:on f.rom the HUc;Jc;JGnborgarunit. Tho initial
}:)ositioh of tho prostrossed steal was marltoc1 in
order that slip dOuJ,tl bo. monitored, usually by

putting a mark 100 mm from tho Qhd of tho baam on
tho staal.

(2) 'l'ha jack WIlS pumped up in inc:t·(.>ltIents of 10k1'l, using
th(l digital. roudinc;r (which approxoimatoly transl"tod
to 5 kN at each load point on the benm). 'rho load
was t~hon loft '1::0 oottlo for ilpproxi!lmtQly t\ \1\11)1.\to.
'.L'his was nooessat·y because some of tha hydraulic
fluid would flow backwards from tho j~ck, back to
'bha pump hllnea rnloasing sonlo oft tho hydraulic
preElSl.lra end 'thorofore X'Qducing the applied load.
1'his is the opposite to what would happ~n to an
clomcll'l'i!in roml struC:J'curc, ie. the load would remain
constant whilo th(~ clemant would oraEl!? 1'ho two load
dllll readings for each lot\d point Wal:'O than 'caken.
A ahock was mado fOr slip at tho prestressed steal
by maasurintJ tho 100 mm distanoe 'that 11£\(;1 baon
markad on the prestressed steal befors the test and
chaokin9 that it ht1cl rQmaihotl constant. Dofloot.i.on
and c.lamedroac'linc;rs were subsequ(:\l1tly ta)tan. Since
thers wars six regions of aamoc targets, aOdh with
seven rondi.l1c:ts to bo mfIC10I 42 romlil1,)S l~or load
inoremont wore mado. During tho timo of taking tho
dnmcc renc;linc;JoI tho load was mail1tninOd mt a
oonstant value.

(3) Tho oraoks in tho contral put'a momont t'a91efl wet's
thclh marl<cd 011 tho sida of 1~hebanm. 'A ml'lrlt wnu than
t1t'UWll lib tho tl'lP of '(:1\0 ernol< u1!tOl:' otlel\ illOl~(ll'lorrt

iliuioaUr'I'1 t;lw Load a'l~whi.oh tho ot'uolt held lrttfd.l'lou

thnt particular hoit:11rt~.



cylinder and th(i! mark on tho beam (see Figure 5.2). The
b(/lams were checked to be aPPt'oxima'cely cc:mt::rally placed
in the transversa direction I betwecltl the two sets of
opposinCj t'lhglas of Mch oolumn.

Once tho tost beam had been r.:at.tsfactorily placed in
position, the loadinCj system was conneoted up. The two
steol. half oylindars wore placed at the load points I aoo
mmapart and 1250 mmfrom oaoh support. The two threaded
rods were then held vertioally and the bar was plaoed on
top with the two thronded rods passir'll:t through tha holes
drilled in eaoh of its cnds. 1\ nut was then threaded on
to eaoh of the rods, holding the whole system together.

Whalnthe loading sy'atom had boon sucoassfully oonnGCl't.edI
it was then bro\ltJht in to position for the test. '1'he
staal p1.ato on top of tho jnck and the dantral load oall
was almost brought into oontact with the head ot the
oolumn that provided the rlOlaotion point. '1'his was done by
tightening the nuts on the rodst hance lifting' the Whole
system. While dQing th19 I both the primary l'ltaal baam at\d
tha two secondal'.·Y ones wera ohaol<:ad to ba pIII.rfectJ.y
lavaL once this prooedure had been parformed, tha beam
was ready for tasting.

5.2 Test prooedure

The beams Wet'E~sUbj octed to short term tl1.lst I .aach tast:.
taking approximately 3~ to 4 hours to l:>ar:J!orm. The
prooedure took plaoe as follows:

(1) At zero load, initial defleotion and ctamec raadings
wet'e takon. The central load reading was displayed
i.n l~N while tho reading obtained from the
Ih,\t;1genborgor "\hit fo:t: tho othor two load ooUs was
'?liven in divisionD and hod to bo oonvort-cr.' into ld~
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21 digital ~aadout
:l2 Hugganbargar davice

.5.1.4 setting' the equipment up

Allot tho tast boan\s waro supplied with two lift.ing
points, each s:l.tunted 011 top ot t.he peam at the l)osition
ot the dantrolil1o of 'l:.hG support. .l\ crana 10WIll7od'the
beams in batween thG two sots of o1"l'osin9' angles oJ! eaoh
dolUmn, the centreline of tho baam being I'll::lproximatoly
l:lnod \.11::1with tho cOl'l'b).·(~liI1Q at thQ camtro column. '1'1161
oGlntralinus WQrGlthon 1:I.1'10el up o)(lIctly, by pushing the
baam in \~he required dirGlction, using thq rolling action
of che jClints. The supports were then taPl'Qd into place,
li.nin.,1 up tho cOI1\!rolina markod on tho stael halt
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on the two joints connectin1 the primary stael bea~ and
the two secondary steel beams of the landing system (sae
Figure 5.G overleaf). Also shown is the jack (18) and the
tube oontu111in<1the hydraulic fluid cOll\irl<;1 from the pump.
The contral load cell was connected to a digital rGad~ut
(21) whiJ.(:lthc~ other two wore connected to a Huggenbergu."
davice (22), enabling both readings to be taken off one
device (sec Figure 5.7 overlenf).

9 cantral column head
1~ primary load cell
17 secandary load cell
18 j(lCl<:
19 tuba froll\ tho pump

Figure S.G Load oolls
G4



$.1.3 Bquipment used for measurem~nt of the data

only three parameters were measured:

- concrate strains
... deflaction
- apt)liad Load

The slip of the prestressed steal was also monitored
'llthou9h no meaSU'.!:'ementswere reoorded since in general,
(,mOG the prestressed steel had alipped, the beam entered
the Plastio region of behaviour a short time afterwards.

(1) concrete strains

The ooncrete strains were msasured with a 203 mm (81t)

damountable dcmco 9tn.lc:.te.Six regions wore moasuracl on tho
sides of the beams, throe on the front and threa on tha
back , These six regions ensurod that at la~st ene craok
oOl.lld be measured on each sida (if the beam oraoked). 'rha
beams were mat'ked and demac taz'gots WEire 91uad on at 10

mm, 40 mm, 90 mm, 200 mm, 224 mm~\nd 276 mm:from the top
adge of the beam for the beams in series A and B. In
so:r'ies c and D, tho str~d.ns wore! mcauurcd at 10 mill, 40
Illm, 90 mm, 16L mm, 200 mm, 224 mmand 265 mmfrom tha top
Rdge of the beam. Tho strains are listed in Appondix c.
(2) Defleotion

Defleotion Was simply measured at each load inorement at
midspan by a 50 ml'~dial gau~e. Readin9s ware taJ~el1 to two
deoimal l::IJ.aces.

(3) Applied load

toad cells were positioned Ol1top of the jack (16), and
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This facilitated setting the system up for a test, as
Elhull bo dCSCll;'ibod il\ t;:;o.ction5.:l..I}. Each of the
sccondDry beams (11} had two threaded rods (13) connected
to them. '1'11000 rods t.l:uliLlll\itt.od the t1l?pliod fot'co t,o a
btu: (14) which t.hem transferred tits loud to a steel half
cylinder (lS) I \')hiol1 in turn applied the load to the test
beam (2) as shown in Figure 5.5. The extension of the
jack Was clt>pliec1 by hydraulic pl'essllr~ from the pUnl)?

2 14 15 13

2 t.est boam
1:3 t.:.hrotluod J:ou
1.4 bur

15 staal half cylinder

,iguro 5.5 ~rnnsmissiofi of forca to tbe t~st beam
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The central column head (9) provided a reaction point for
the jack. to push the primary double channel section steel
beam (l()) downwards. The downWard action Of the primary
steel beam pulls the Whole upper assembly down ahd hence
puts load on the test beam. The two secondary steel beams
(11) were each connectied to the prhuary steel beam by a
joint (12) that allowed the beams to move back and forth
al.ong their longitudinal. axes (also see Figure 5,1\).

12

11

10

10 primary steel beam
11 secondary steal beam
12 joint

rigure 5.4 primary and secondary steel beams
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5.1.2 Loading system

'l'he loadit·I~1 syst.cm, was possibly the most c:omplicatod
component; of the tcst cCjuipltlcnt. Figure 5. J shows the
assembled system as used in tho te~tS.

g co~trul c:olumn hoad
10 primary steol boalll
11 Docondary stool bourn
12 joint

13
:tA
1[5

throudcd rod::l
btlr
stool half c:ylindor

GO
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(

7 G 8

<' flat plates
7 hatf cylinder
n roller bearings
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2 17 12 9 10 11 19 20

1 colulOn assembly l.1 secondary steel beam
2 test beam 12 joint
3 column base 13 t:hrcaded rods
'1 steel angle section 14 bar
5 column head 15 otcel half cylindcl'
G flat plates 16 primary load cell
7 steel hal,f cylinder 17 seconda):y load cell
0 rollo).~.bearings 113 jack
!) central column head 19 tube from the pump
10 l?rill\Urysteel beam 20 pump

Figura 5.~ Test setup nhd loading arrangement
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S T.ESTPROGR~MME

This chapter covers a detailed description of the test
equipment and the procedure used.

5.1 Test Equipment

All the beams were simply supported on a 3/3 m span and
were loaded by two point loads 800 l:i1!!1 apart and 1250 mm
from t.he centreline of each support, as depicted in
Figure 5.1 overlaaf.

5.1.1 supports

The column assembly (1) provided support for the t.est
beam (2) 200 mm from either end. Figure 5.1 shows that
the column consisted of a base (3) placed on the floor,
with four steel angle sections (4) welded ve:etically to
each cornaro Another steel member, referred to as the
head (5) I was then bQl'I~edat each of its corners to the
angle sections. xt Was adjustable up and down since the
angle members had holes drHled at approximately 75 mm
cen'tree along the.ir whole length. 'l'hehead then had a
roller joint placed on top of it, on \"hioh the beam
rested. The roller joint consis'l:'.edof two flat plates (6)

with a steal half cylinder otl top, as shown in Figure 5.2
overleaf. Between the plates Were roller bearings (8),
providing the rolling action that was required from the
SUpport.
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The value of 1:'.1'10 affeot.ivG prest.ress at. tho
time of tost.i.ngwe!!.!known, henc~:

(G.G)

(G.8)

From tho known strain distril:mtion ehcwn in
Fi9uro G.!l bolow ( using sinlilar t:t'itu'ICjlos I a
relationship batwaan the stra.in in t.he
prestrossod staal a~d tha strain
Utll:lt'osttassad staal oould be found:

iN the

Hanco the incremental strain in the
unprestresaed stael could ba found:

(G.10)

Tho atrmsa in tho unprosttQssad stoel and both
the strain C\l'\dt.he strO$£1 in t.ha proatrescad
utoel could than be found by simpla bac)t
aubsti't,ut:lOl'l. 1\ ohock to ono\.\ro. that tho
t09ulting inotcmontnl stoal strain wooin tho
alnotic l:'ogion of tho stoot ot1.701.1s"otrnin

80



strains mcasurllld in tho test and tho known streso'"
stl"ain proportios of the prestressed ahd
unprostrecsad steal. Tans! at alu also show that a
liM of best fit can be. plotted through th~ strains
moasured in the tests. The caloulation prooooM.odas
followst

1. [o':l.rst, thQ neutral axis depth was int01.·polatod
from the conoreto strain measurements in the
oompressive and unoracked tonsile zores, using
lincal:' rec;ression. 13enhett £\I'\d chantlrasokhar30

USe only tho strains in the eompx:ossivc zone I

but whon strains in ehe unczacked tensilo zona
ware also inaluded (as suqgosted by Tansi at
alu) I ifr WIS found that the correlation
coafficiEmt would bO closer to :L.

:2 lOsing' moment oqu:t1ibrium at the sal:'vicoability
limit ~ti:\te, tho external moment was ar.luatcad
to the total fot'ca eXertad by the tensile
stael, mtlltiplied by tha lever arm froln the
centroid of the oonoro"::o compression block to
tha ccmt-roid of tho total area of tenaj 1e
steal, as shown balow, in oquation [G.4]~

M • T(d-O, dx)

This enablod the tensila foroe exertod by tho
total aroa of tensile stael to be obtainod.

:3 • '1'ho tensilo forco oxol:'tocl by tho total nron of
tensile stool was than expressod as belOW:

((,,$J
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In order te, calc::ulato the orack widths I the strain at
point 'A on the curve Was subtractecl from the strain
corresponding to the servioe momont~. Sinoe strail1 is the
chan9G in lsnc;.1th divided by the ori9'inal lenc;.1th, tha
crttck width was found by nmltiplyin1a the chunge ih strain
by the or:t.9'inal lOhgth of tha cleme,o gauge, ~03 mm. The
measured strains may be found in Appendix c.
6.2.:3 tletel'lI\l.nation of the neutral a,d.s depth, X, ll,lld

the indrlilmental steel stress I ;(M or :fIlii

The neut\:'t\1 axis depth is naeded to calculate tho
lnc1"omcnta 1. sl'eool otrOrlg I l!lith01" J:'u or f,lH I :Cor both tho
oCjuati(lhS by sur! and DilCJer~11and the eCjul;\t:Lonfound in
ACt 3:t.S"'S3ta nnd CAN3-A2:L 3 "'MS4 19 • Xt is also noeded
in the eCjuation by Sur! and DUg-er'lO In order that )1(1 the
at'aa of concrete below the neut,ral axis may be
caloulated.

sur! « oilgor20 no'l~oc1that stoGl stl::esses could not be
obta:Lnad from strain measurements, ai-ther by usinc;r
elecrtrioal st""ain gau~as on the steel itself I or by
meml;)el~sm::face strait) mUI:\sut'el\\L\ll'ts iIi 'the oraoked tensile
zohC bl:lcause of the lar~e longitudi.nal variation of
stress ill the vicinity of: tho oracKs. The depth of tho
nGutnll axi a and hence the incremental at~el s hross could
tnen be caloulated using two different methods:

(1) E!>:pol"lmcmtal <.lotarmlnal:.ion of the nOll'l:ral axis depth
and inoremental staal stross

Bennett & VooruSl'l\pramilnian'~ I Oennett &

Chl.'l.ndrasekhar3(l and Bennett. & Oave~\t stata that the
nautral axis depth and honea tho incremental steel
stress oan bo obtainod from a crackod Sloction
<''UlUlyob tit sorvioe, USilHl tho corloreto cOl\\l,rossive
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aonarete tensile strain

Fiqurm ~.7 Typioal ourva of oonorete tensile strain vs.
applied moment

The plotted strain refers to the strain measured at the
depth of the unprosbressed steal for. the reinforcQd and

Ipartially prestressed concrete beanuil'and at the l.eval of
the prestressed stael for the tully pra~tressed beams.
Zaro appliad moment corresponded 'to zero tensile strain
over and above the point of decompression at the bottom
extreme conorete fibre. As the moment increased, the
tensile strain inm,uasod up to point A, whera Mdl the
moment of first crackinq had bean reaahed and oraoking
had occured. Usually the oracle. pattern would have
I,.u:~tabl.ished itself fully at this point. 'rho tansil.a
strait1 would than aarl.·y on increasl.ng at a fMtQr rate,
attar cracking at POil'lt A. Sometimes when the cl:'acle.
pattern had not establiahed itSelf fully after orncking
first occurocl at point A, new dl:'aole.s would than torm
again I inclioated by point l3 anrl aot'reSp0)1W,LI1t;jto the
aacond cl.-acking momentI M~~I in 11' it;jul:'o IS.7.
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t~leload factor \>1M taken as .1./51that is, an average of
the ractors found in load case (1) of clause 2.3.3.1 of
cP 11011, :(twas then decided to look at the load factors
that other researchers had used, and it was found that
they varied between 1,4 and 2,5 ( the majo:d ty of them
baing in the range 1,4 to 2,0. Therefore a factor of 1,5
seemad raaso!"iabloand it was eventually used, sinoa it,
gava a service moment that was approximately 80% of the
maximum elastic moment in most ¢f the beams. However, in
some beams the same load factor would give a service
moment; that Wi'lS a smaller percentage of the. maximum
altlst.iomOl\lf:'!ntand often the rasul t:l.l1<;1veLues of.kw would
be unacoeptable due to the low valUeS of inoremental
steel stress. HenQe the ser~ica moment would then be
inC'rl3asedto ~pproximatoly aO% of the maximum elast:l.r;
moment. As mClYbe sean from the moment"'deflection curves
in Appendix B, soma of tha beams have a service moment
greater than 80t of tho maximum elastio moment, using B
load factor of l/S

6.2.2 Determination of orack width from the demeo
qaugl!lreading'S

The recorded clamcc rOBd:l.ngs had to bo convartied to
concretG strains. For each series, the initii:'\ldameo
reading, oorresponding to zero applied momentl was
subtracted from the moment carrasponding to each
increment. 'l.'hisvalUe was then mUltiplied by the demec
gauge factor (the value of strain per division). For each
beam, a graph of concrete tensile strain va applied
moment was pJ.ottucl,a typical curve beil19'shown in Figure
1S.7.
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Figure 6.G Calculation of applied moment

A momentwdeflection curve was then plotted, A~ lready
mentioned in section 5.2, somo of the beams dii Jt fail
before or at the maximum jac)\: extension of 50mm. When the
moment~deflection curves \1ere inspected, it could loa Seen
that those beams were very close to failure, and
thl:!:t'efore it W,\S assumocl that. tho maximum moment, on the
curve W:..lS approximately the ultimate moment. ('1'he mcmerrc...
deflection curves may be found in Appendix D). '1'ha
service moment could then be determined by dividing the
ul timete moment: by an appr:opriata load factor. Initially I
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determirtation of kw
analysis of the values of kw

6.2.1 Determination of the servioe moment

Having obtained readings in divisions from the
Huggenberger unit for the two load dells below the
loading points, it was necessary to calculate the load in
kN. This was easily done by subtraoting the initial
readings from the l'eadings for each load ihCt'ement, and
then dividing by the cell faotor (the number of divisions
per kN). The vaIue of each point load on the beam was
then known and the moment could subsequently be
calculated. The point loads were not exactly the same
value, however, WI 'bGd.nggreaten: than W21 and hence 1~he
bending moments were calculated thus:



The bahavf.our'of the relevant test beams from sertes a
agreed with this theory, cl:'aokwidths of 1,6 mm at the
service load being obtained in the f\llly prestressed
beam. This beam entered the plastic::region of the moment
-deflection ourve (as may be seen in Appendix B) long
befol:'ethe oorresponding fully prestressed beams from
series A, C and 0 and failed well below its oalculated
ultimate moment. This is because at the section where the
large orack forms, the neutral axis moves up rapidly due
to the rapidly increasing craok width and craok height,
hence making the concrete fail in compression. In
prestl:'essedconcrete structures, orack widths of up to
0,4 mm are thopught to be safeS. Thesa tests clearly
demonstrate that oracking at servioe should not be
allOWed for unhonded solutions with little or no bonded
steel and hence t)'leresults from Beam B3#2 have been
omitted for this reason and also since no practical value
of kw would have been obtained.

The results from beams A2#2, A3#J., 04#1, D2#2, D3#1 and
03#2 have been omitted sinc"\ exoessively large crack
widths and hanoe val.ues of kw were obtained. These beams
have been disoussed in section 6.2.4.

6.2 Processing the ~est Data

As already mentioned, the aim ot this research Was to
develop values for the variable oracldhg factors, kWI as
found in ACI 318"'S3'8, CAN3-t'.23.3-M841!)and in the equation
by suri and oilger20• The processing of the data can be
divided into five sections:

determination of the service moment
oetermihation of the crack widths
determination of the the neutral. axis depth, X, and
the incremental. steel stress, t. or t,\~
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When a prestressed concrete beam cracks, both the steel
and the concrete carry the tensile stress at a crack.
with fully prestressed post tensioned unhonded heams that
cantu in no unprestressed steel, a small number of large
cracks will form. This is because the Unhanded
prestressed steel is not in contact with the concr ebe and
i.t is only the anchorages that transfer the pl."estressto
the concrete. Therefore, whon B crack forms, the unbonded
pre.stres8cd steel elon<;1atesalong its full lengt.h 111

order to carry the tansila stress over the crack. The
crack will then open wider instesd of new cracks baing
formed. This crack pattern can also he scan in a
partially prestressed post tensioned unhanded beam that
contains a loW percel1ta'leof unprestrassed steel, as
shown in Figure G.~. Figura 6.5 beloW shows the pattern
for a fully prestressed un bonded beam. :r:na beam with
bondad prestressed stael, the steel can only fully
el.ongate closG to the crack, hence keeping the crack
width small, but leading to a pattern of numerous cracks.

FigUra G.5 Craek pattern of the fully prostressed beam
from serios D (post tensioned unb~ndad
strllnds)

72



Jigu~e G.3 Typical'arack pattern of series c
(pretensionad strands)

Figure G.4 Typical orack pattern of series D
(pr.etensioned wires)
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Fi~ure G.l ~ypidal'ernck pattern of aorias A (post
tensioned bonded strands)

'igure 6.2 Typioal araot pattern of series n (post
tensioned unhanded strands)
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6 ~ES~ RESOLTS

Most of the results obtained from the laboratory tests
were acceptable for the purpose Of this investigation
It!l.t:h exception of a feW beams as shall be discussed
later.

6.1 ObserVed Deam Dehaviour

All crack widths were measured within the pure flexure
region between the two point loads. A few cracks would
appear initially, once the cracking moment, Mel had been
reached, and then more would appear usually during the
following load increment. The czack Lnq pt\ttern
established itself quickly, with a few additional draoks
sometimes forming at hiCjh overload in some 0:1:' the beams.
It is interesting to note the difference in drack
patterl'lSpetween the various types of beams as shown in
Figures 6.1 to 6.4. The beams shown are the correspondin~
ones from each series, ie. they all have similar
prestress and ultimate moments of resistance, but are of
different prestress type.

I'I:: can be seen that the beams from the bonded series A,
C and D display similar crack spacings, ie. approximately
eight c:r.acl<.sapt)ear between the two po Lnt;loads I while ill
the Unbonded peam from series B, only five cracks are
present, all of larger width than in the beams of series
A, C and D.
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7 EVALUATION OF 'lIEST :RESULTS

7.1 Analysis of the valuas of kw

On inspaotin9 thl3 values of kw ob'\::ained from tho
aforementioned calculations, it was quite obvious that
some of the ValUes were of dubious nature, and shoUld bo
ignored. Elimination by mera inspection was acceptable
tot' obvious outliers, but with othar 'Values, it became
luore difficult to select the valUes that should be
discardud. Hence it was deoided that the a.vora99 craok
width should be used to calCUlate kw' This approach g-£l.".IO

acooptabla rasul ts sinao, booauoo of the var.:i.abln n£\tur(.1
of (,.~raoksI sC)me oracl~s \.,rould ba small and some would ba
large and hence such rasltlts would not aff.oot the aVarn~o
to a large extent.

~'he Values of kw as dote:l::mined from the axpo:L"imontal
concrete stra!n~ obttdned from the teat boams are listed
below in Table 7.1

7.2 P~esentatio~ Qf the Test Results

Previously, suggest.ed c::raoldng fact.ors tor the equations
in AC:r 319-8318 and CAN3....l\23. 3..r-tS419 and by $1,,11::1. anc1
!JUg-ar20 I only took tho combination of l:>rf!lEl't:r-assadand
unpl."ast.rasaad steel into eeceune , However" on inspeotion
o',C'the test rGlsul ts I it. was clear t.hat a relat.ionship
existed bet:.ween kw and the amount. of preetrosl!I. U<llhCe tha
amount of prestress had to be quantifiod in some mnnner.

7.2.1 Quantifioation of the al\\ou~t of p:rmstrC!HJI

Accorclit1g to NMman and siriakaorn3R, tho ttmount of
prafttrass may bo qtlantified in thrct.'l wuys:
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Table 6.1 Important res~lts obtained fro. the test b~ (continued)

Beam At service I At first ~ for ACI 318-83 k... for Suri and

I cracking and CP.N3-A23.3-H84 Dilger

f .; I(.:)I sc.;n-r H 0 If k...C%¥ k"l I k..2 I k...~ k.l kw2
(:m:m) (kNm) (""Ill) (kNm) I

D2#1 r 0,14 I 8,.1 I S7,5 I 30,76 I 0,55 6,6 25t4 2313 L 21,.~4,54 3,84 3,67 I-- --.~ ---.-~--- ~---.------.- ... --- ~- ------- -
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Tabie 6.1 .Important resu1ts obtained from the test beams (continued)

I IBeam At service At first kw for ACI 318-83 k., for suri and I
cracking and CAN3-A23.3-H84 Dilger

Ii" 0 s~pe H . I H kwpp k"'l k..a kw.ap k..,l k..:!

I (mm) ('Ol:l) (:mm) (kNm) (mm) • (kN:m.)

Cl#l I 0,14 I , .
8..1 '37,5 30..76 J 0..55 6,.6

Cl#2 I 0,.13I 9..2 99,8 32,55 0,44 I 6,0 11,3 13,.1 12,9 1,81 1,85 1,88
t ,
:

10,51
1,69 l

C2#1 I o .t 16 95~3 33,25 1,27 11,4

C2i2 I0,17 I 9,8 107,6 37,20 I 1,95 17,8 I 10,9 11,6 :U.,4 1,83 1,68
I I

c3il 0,21 I 9,6 133,9 32,73 3,82 17,3 I t
c3i2 1 0,17 9~6 I 34,50 3,21 17,8 13,8 14,5 14~2 2,37 f 2,19 2,19-
C4i2 0,20 I I 162,9 2,54 I I !7,8 33,98 23,5 17.6 52,9 44,3 I 1,36 I 3,99 I 3,38

Dl/1 I 0,12 t 6,.6 t 165,8 31,50 I 0,69 5,.6 I I
0,15 t 5~5 I J.l,6 12,1- J I

1,91D1/2 163~3 33,50 - - i 12,3 2,09 11,84
i
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Table 6.1. Important results obtained from the test beams

At first
cracking

k..,.OF k"'Is k..z.

Eean- At service

t ~ I 1itT 0 sC,J«e.

i (:en) f (:c.r::ir) • em:) I (y..Rn)

M

(kNm)

k..., for ACI 318-83

and CAN3-A23.3-MS4

kw for suri and

Dilger

I 1;..2M
(I:l1"";l) I-k.~I k",:

1-2.#1I0,181~~,-;f113,1 r 38,23 11.,41 I 1.1.,8

A1.::=21.0,1.5111,61 114..5 I 33,7511.,67.1 11?7
. f t f

I

1',8013,8 13,0 I 12,5 1,92 11,87

15,1 12,9 I 12,4 2,07 1,78

29,7 34,7 I 29,2 2,10 2,56

1:.2#11 ~,1;110,91 :MO,4-139100-T215~11811

A313210,15 f 5,2 I 271,; I 31,70 I 2,47 i 24,3

I 1.,74

I 2,16

r~~1 I 0,14110,4 1110,7 I 31,93 11,65 I 1;,9 ~

Bli21 0,16110,0 1 1.12,2 l32,77 1 1,531 11,2 J
12,8 f 12,2 I 12,0 I 1,.7311,60 I 1,63 If

31,4 J 30,8 !32r4 !3,71 I 3,81 I 4,.29 I52#:1 I 0,30 1711 1209,5 r-;8~~9-1 ~,50 I 12~l.

B2i21 0,30 t 9,8 1124,8 130,1811,65 I 12,1
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,!I C A + A
til ps

Shown be-low in Tabla 6.1 are the values of kw cbtained
t,t'Ultt the test beums for 1:~heequation fr0111Ae! 318-8:318 and
Cl'H~3"'A23. 3 ..M1419 and also for the equat.ion by suri and
.o11gElr2o• Thtl values of kw for the t.wo beams of eacr 1~ype
haVe bee.t\ a'l r.agad, for example 02#1 and 02#2. HoweVet',
as e>tpla:lned in soo'Hon !5. 2.4, some of the beams I reSUlts
have been omitted.

6.2. G summary of tl,tll test ;results

Table (i. l. below shows the impor'r..ant test l:'osul ts. Note
that the values (,f kw obtained by theoretical calculation
as in (:.··actiOl"lG. 2. ;) (2) I kwl and kW2 f using tho two
differol'lt moduli of elasticit.y I al'e vary olose to each
ot.her. HoWeverI there are quite large differenoes between
the t.heoretioally and oxperimentally dete'l:'minad values of'
kWI SI.\99Qs,ting that the values cheaen :for the moduli of
aluticity may bo quito incorrect. Hcmca tho va Luas ot' kw
determinod from tho exparimental conCl:'o\:e surfuco
stl.-arns, kW,eKl)/ tire l.'.n."obnblymora t'oliubla and should
preferably "13 used for design instead of the valutilS
det.e~minad by t.hooretical calculation, All t.h3 statod
craak widths arm at tho lavol of the unprast~os$md staal
!:Ind ara "avoragoll values, io. tho values of k\V whioh wore
duoided to be outliors actually det.ermined Which vulues
of craok width would bo excluded.
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5)1\)ncould have oocur'ed undeteo'\::.ed.When oalculating kw
with the effeottve prestress as determined just before
the start of the test, the incremental steal stress was
found to be particularly low, whioh indJ.cated that the
prestress was lower than eJ(pected, ie. slippage had most
probably occured. This led to values of kw which Were
extraordinarily large and obviously unrepresenl::a'l.:ivefor
the abovem~ntioned beams, initially by inspeotion, but
also by oomparing them to the results of the companion
beams/ Where possible. HenCe the results from these beams
have been onlitted.

6.2.5 Determination of kw

once the oraol( width, w, the depth of the neutral axf.s ,
x, and the incremental stC:!l~lstress, t. or f:'llaI had been
determined, kw from both th,,}equations in AC;C 318"'8318 and
CAN3...A23.3-MS419 and by Suri and Oilger20 oo\.\ld be
oaloulated. For .]\C1 3lS"'831H and CAN3-A23. 3"'M8419 the
equation is:

therefore

CG.2SJ
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methods for the fully prestressed beams 03#1 and 03#2,
the values of e - M/Po at service were within the middle
third of the section, using' the first method, while X as
determined from the experimental strains was found to be
olose to the depth of the section, implying that the
section was uncracked. However, during the tests, cracks
did appear at the servioe load in ·these beams. This
cracking could be attributed to three different faotors,
the first two being more probable:

1. The prestressed steel could have slipped unnoticed,
although it was monitored for slippage at each load
increment during the test.

2. Cracks could also have formed when tha concra'te was
attemptihg' to shrink, just after casting, as a
result of the restraining action of the shuttering.
Once the prestress was applied, the cracks would
olose up and then reappear upon application of the
load as soon as tensile stresses occured in the
bottom fibre.

3. The prestressed steel coUld have bean overstressed
durinc;rmanufact\,\re,hence sending' the incremental
s'crass into the plastic region of the stress ...strain
curve and tharefol.·eallowing the be-aroto deform to
a large extent. This is less lH:ely to have happened
than point 1 or 2 above since the jack extensions
Were carefully measured during' manUfacture of all
the test beams.

Beams A2#2, A3#l, 04#1 and 02#2 all displayed excessively
large.crack widths, most probably due to slippagu, as fo~
03#1 and 03#2. Since slip of the prestressing' steal was
not monitored with dial g'auges, but rather using the
method as described in soction 5.2, slip of the order ot



From Figure 6.9(21) and G.9(P) 21pove, the equiliprium of
forces gives: .

(6.21)

and:

(6.22)

(6.23)

The neutral ax:is may t.hen pe found from the resultinc:1
quadr.atic. Now, using the simple pending formula, since
the behaviour is elastic!

(6.24]

(6.25J

6.2.4 proplems enoountered in Qaloulatinq the neutral
axis depth, x I and the i~ol:'emental steel stl:'ess, C.
or :fIJI!

On attemp'ting to calculate the neutral erda dep1:.hand the
incremental stael stress Py both of. t.h,s <;Ipovementioned

as



the resul t:i.ng oubic equation in x , and t,he concr ene
stress is then caloulated from the equilibrium of
normal foroes as follows:

(6.19)

The il'lCremental steel stre;ss in thl'l unprestressed
and prestressed steel respectively is oaloulated
from:

d -xf ...::IL.:.;. f.m
,tll!J X "t,ls [6.20J

(b) reinforced concrete sections

000

~igure G.9 (a) reinforced
seed.ion

(b) strallls distr;t,):)utiofi at the

servideability limit state

ooncrete
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Em '" S11-;;;-
~o

(6.3.1)

(6.12)

[6.13)

FrOl'nthe stress distribution at the serviceability
lim!t sta'te:

(15.14)

[6.15]

(6.16)

Moment equilib.dum about point 0:

substituting:

b~2 (k.1.+X/3) .... (du-x)msAIl(du+kl) - (dp-x)mps~)II(dl)+kl) '" 0

(6.18)

'l'ho tHautral axis depth may them be oalc\.\!a'tt.:ld from
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M is the total applied moment at the serviceability
limit Fltata

(a) (b)

Figure G.a (~) partially or fully prestressed
oonorete reotangular s$Qtion

(b) stress distribution at the
serviceability limit state

From Figure 6.8(a) and 6.9(b) above:
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cUrve was performed for each calculation,
otherwise equation [6.10J could not be used
In such a case, the strain would be plotted on
the curve and the corresponding stress from
the plastic region of the curve could then be
read Off. However, the behaviour Of the
unprestressed steel in all of the beams
remained in the elastic re~ion Of the stress-
strain curve for the chosen service momenbs ,

(2) Theoretical determination of the the neutral axis
depth and the in~remental steel stress

(a) Partially and fully prestressed concrete
sections"

The following procedure for calculation Of twO!
neutral axis depth, x , and the incremental s~eel
streSS, either t. or t"11 is a simplified model by
Ramaswamy.t2.ror a general rectangular partially
prestressed section, with a stress distribution at
the sBrviceabil.itylimit state as shown overleaf I

the calculation is as follows.
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Table 7.2(.0) Comparisons of ,measured crack widths frQI:l the test bean:s to values calcula'ced using

the equation by Suri and Dilg~

WI (n!ll.'

30 I 376,42 I 1,92 I O,U,

k'#> f 35 I 376,<2 1.92 O"~.,~ ••,.. 2,55 ! 0'2,5 t

A7£#L f 33 i 300,8~ I 2,07 0.18 2155J 0,2Q
I, .__J-----+--~--___if__---I ~__m I 71,75! 1<9,.. I 2,,';--1- 0,15 I 2,6S

I ::::1;£1. t 36 I 37E,42 I :1,73 I 0,14 t 2,55 i 0,23 I
E1#2 I ~6 t 3761'42 I 1.,,""::;; J 0,1.6I E2#, I 3& I 3~O," I 3,n I Q"n_J

i EZf22 I 47 i 300,84 I 31'71 I 0 ..30 I

(!:.L.~) k",Ide (:em) As + A;sEea:::

?,,-r:;£,
::''''''''''t.,.-

J;,z

2,55

Wz l""::-~

0..21

2,55

2,55

2,55

2,55

2,55

2,55

0,21

0,19

0,22

I Cl#2 I 29 f 452 I 1,81. I 0,1.4

il<;,16

0,18

':;'52 0,18I I:

,_W2 <0 I I I I t I
' CZ#1. I 29,,5 I .

1,81

376 ...42 1,03

~04

0,.27

0,23



Ta:b1.e7.2 Ca.) comparisons of lII.easuredcrack widths f,romthe test beams to val.ues ca1.cul.atedusing
tha equation from ACl: 318-831S and CMi3-A23.3-Ma-lu continued

• ! A: (u/bar) I 'Wi (liIlil)IBeam de (JDl) I k..rl Xw2 W2 (Jiil'il) 1;,1 W1 {!iIlIi}

fc2.il. j 29,5 I 2768".00 I 10,9 I 0,1.7 :n I 0,1.5 13,7 0,19

I C2i21 32 2930,20 10,9 0,1.7 11 0..15 1.3,7 0,1.9 ~

C3/11
.

t I38 't 5280".80 13,8 0,21 11 0~.13 13,7 0,16

c3i2 30 4636,81} 13,8 0,1.7 , 11. 0,14 13,7 0,1'1.8
I l IC4/2 80 6400,00 17,6 0".20 17,4 0,06 21,5 0,08

J

D1.#1 41. 361.2,S4 11,6 0,12 1.6,4 I 0,21. 20,3 0,26

D1/2 I 26 I 2500,00 1.1.6 0,15 16,4 0,17 20,3 I 0,21

D2#1 29 I 4425,.50 25,4 0,20 I 16,.4 0,14 I 20,3 I 0,1.7 f

!Tote; k..rl indicates the values of k." obtained from the test beaJll.S, k.2 the reduced value~

suggested by 3cholz.14and k...3 the original. values suggested by suri and Dilger20
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Table 7.2Cal comparisons of measured crack. widths .from.the test beams to values calcu1ated using

the equation from. AC::r 31.8-83il and CAN3-1l23.3-M841'

Beam de (lillil} A.:: (l'lI12/bar) kWl WI (mm.) k,.,2 Wz (lillil) I k"'l W1 (mm)

! I I IAliI 30 28~8,77 13,,8 I 0,18 11 0,1.3 13,7 0,.16

Al/2 35 3165,48 1.3,8 I 0,15 11 0,.12 13,7 0,15
f I -I t I IA2/1. 33 4707,52 I 15,1 I 0,.18 11 0~12 13,7 0,15

:!';.3/2 71.,75 I 6206~3B I 29,7 I 0,15 17,4 0,~1 21,5 0,13 I
Blil I 36 I 2900,37 12,8 0,14 20,2 I 0,30 25,0 0,37

Bl/21
I I36 3286,56 I 12,8 0,16 20,2: 0,25 25,0 0,31

B2#1 I ,

38 3276,/8 31,1 0,30 20,2 0,10 25,0 0,13

B2/2 47 3568,86 31,4 I 0,30 20,2 0,10 I 25,.0 0,13

C1/1 29 I 2327,25 1.1,3 0,14 11 0,12 13,7 0,15

i CI.#2 I 4~__1 3220,00 I 11,3 0,.18 11. 0,16 13,7 0,19
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7 ..3 domt>lu:ison of! the Talll't :Results to previous Researoh

comparisons are made in this section in two ways:

(1) The measured orack widths from the 'I:est beams are
compared to values of orao)t width predicted using
values of kw previously suggested by Scholzl" and
sud, & oi1ger2o•

(2) The applicability of the values of kw obtained from
thar test beams is demonstratod by comparing
predic'ted crack widths using these values Of kw to
measured values from previous r,!saarch. The
differences in measured and calculated crack widths
are than st~l'l:istic!:llly analysed.

7.3.1 oomparison of measured crack widths from the t~st
beams to predicted ValU~s

Table 7.2 (a) ShoWS the comparison of meas\.tI:ed crack
widths forom the test beams to predicted craok widths
caJ.cualtad from the equation in Act J1a-B31~ and CANa...

A23.3"M8419 uslng the values of kw originally Sluggestac1 by
Sur! and Dilger20 and tho l:'educec1 values of kw suggested
by Scholzlll, Tabla 7.2 (b) cOmlJares tho measured orack
widths obtained from tho tlAst booms to val.uos prec1icted
by the equation by suri and 0i1ger20,

Note:
(1) In the oomparisons below I the terms x I IN or 1,111 and

Al have all boon omitted I sinoo they are of
differal'l{~ value for each of tho rtlnges of tho demac
targets and hanco too voluminous to include

(2) the values of W' and kw shown in Table 7.2 (a) and (b)
are t~vC)ragosof tho vuluas obtdnocl from each c.f the
six l:'angos of domoc tut'goto I oxcluding tho outliers
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shown below in Figure 7.1 (a) to Figure i.1 (d). The
caloulation of the partial prestressing ratios tor the
test beams is initially shown below along with 'chevalues
of kw in Table 7.1.

Table 7.1 Partial prestressing ratio and valUes of kwfor
the test beams

B(:Iam dp x epb :f1lb PPR kWI kW2

(mm) (mm) (X1O·3) (MPa)

Al#l 226 28,2 24,6 1942,8 0,31-- ~ 13,8 1,92Al#2 233 2S,:3 25,3 1942,8 Ot31-A2#1 227,5 29,s' 29,0 1942,8 0,57 15,1 2,07
Bl#l 229 26,9 26,3 1942,8 0,31- 12,8 1,73
Bl#2 226 27,8 25,0 1942,8 0,31- ~-
132#1 220 29,1 23,0 1942,8 0,57
:--- - -,_

31,4 3,7182#2 220/5 29,7 23,1 1942,8 0,51-C2#1 220,5 26,8 27,2 1942,8 0,31. 10,9 1/8302#2 228 25,8 27,4 1942,8 0,31
r---
C3#1 220 36,6 l.8,l 1942,8 0,57
C3#2 225 33,2 20,2 1942,8 0,57 13/8 2,37

01#1 229 25,S 27,6 1751,4 0,31. ~ llr 6 2,09D1#2 228 25,8 2"',4 1751,4 0,3:1.---02#1 227 23,7 30,0 :1.751,4 0,57 2$,4 4 I 5·~
"

N¢te: kwl rofers to the value of kw as uaad in the
equatj,on from ACX 319"8318 and CAN3"'i\23.:3"MS419, while kW2

refers to the val.ueof k; as used in the aCluation by suri
and Dil9f~r20.



index by Thurlimantl'lIbecause the stress in t ·~e
prestressed steel at the ultimate limi't state is
oalculated rather than assumed to be the yield
stress
it is easier to caloulate than the degree of
prestress by Ramaswamy42

For design, tl." may be calculated in four differetlt ways:

(1) from Table 37 of CP 11011

(2) Using the design stress-strain ourves for
prestressed steel from CP 11011

(3) from first prinoiples
(4) from experimental strain measurements

However, for the test beams equilibrium conditions at the
Ultimate limit state were used along with the load""
extension ourve for the prestressed steel (Figure 4.3).
Once the strain in the prestressed steel had been
daloulatacl :t!'ro)nthe equation:

the extension could then be plotted on the load-extension
curve and the corresponding steel stress obtained, which
was found to lie in the plnstic region of the CUrve for
all the beams. The partial prestressing ratio was then
calculated, tho values being shown below in Tdble 7.1.
tJ.'heoalculation was ),ot performed for tho reinforced or
fUlly prestressed concreto beams since it Wt1S )()'\OWl) tJU.'It
their PPR'S wera Q and 1 respectively.

It was subsequently deaidc I to present the values of kw
obtai)'\cdfrom the test bourns in graphical form, as is
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(2) Prestressing index

'I'hur1illlann41suggested using:

.i :::p [7.4]

This is similar to the partial prestressing ratio,
but assumes that the prestressed steel will yield at
the ultimate limit statal possibly making it easier
to use. However, the yield stress of prestressing
steel is rarely quoted in codes of pr~utice,
manufaoturers, specifications or previous research,
the cha.ractedstic strength, .fIIU' usually being
given.

(3) Degree of prestress

Ramaswamy42 defined t.hedegree of prestress as be5.ng
the ratio of the decompression moment to the f.ull
servioe loau moment:

[7.5)

All three expressions quantifying the amount of prestress
vary from 0 to 1, 0 indioating reinforced concrete and 1
indioating fUlly prestressed oonorete. The partial
prestressing ratio was identified as being thp. most
appropriate for the following raasons:

it is probably more accurate than the prestressing
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partial prestressing ratio
prestressing index
degree of prestress

(1) Partial prestressing ratio (PPR)

Naaman and Siriaksorn38 defined this as the ratio
of the ultimate moment dUe to the prestressed steel
to the ultimate moment due to the total at~a of
tensile steel:

(7.1]

According to CP 11017, the Various ultimate moments
are calculated thus;

r 7.2 J

Neaman and siriaksornH then st~te that if a is
def Lned as the distance from the extreme compression
fibre to the centroid of the prestressed and
unpl:estressed steel:

(7.:3 )

This equation t\SS\\.\masthat 'theunprestrossad ste(~l
will raach its yield stress l:rttho ultimate limit
state, whleh is generally true.
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on oraoldng.

Four serias of baams ware tasted, series A oontaining
post tensioned seven wire bonded strands and deformed
bars, series 13 post. t.ensioned unbcndcd Seven wire strands
and deformed bars, series c pret.ensioned seven wire
strands and deformed bars and series 0 pretensioned
smooth wirss and deformed bars. In aach series beams werta
tested with the p~\l:·tial prestressing rat.io varying
batween 0 and 1.

Tha resul t8 obtai hod from the tasts were prosshted in
g:t:aphical form, the oracking faotor kw being plotted
against t.he part.ial l'rest:ressing ratio (ppm. ttl oontrast
t.o previously recommended values for kWI the graphs
enabled a variable va Iua of kw to be dertarmihed, not only
for a oertain oombination of prest:rassed and
uhprcst:ressed st.eel; but also for tho amount of
prestress I indicated by the partial pl~el3tressing l·atio.
This is required aihce the t'~acl<: width dapends upon,
among other controlling parameter~, t.he total araa of
steal, a flotor which had been aoknowledged by previous
researchers but had not baen included and quantified. On
the whola the valu(ls of kw from the tests t;tenerally t;tava
batter predictions of erac)<: w.i.t1th when oompared to
pravious research, although only margil'\al1~' in some
ihstr.mcas.

Some unexpectod resul.ts occurred, fOr oxampla certain
beams entered tho plastic zona of bohaviour at n moment
much lower than expeetocl 'chol:af'oret giving valucuil of kw
that ware unrepresen{~t\ti.vo. 1101'100 thoso rOllul ts wat'a not
included. ~hQ post tonsioned unhonded baams with little
or no unp:e:ostressad stoal had axr.oosivoly la:t'9'e craoks all
prediotad l'.>ythaory. HoweVer, such members such mlJmbors
containing only unhanded staal would in praotica not be

llG



8 CONCLUSIONS AND RECOMMEND~~IO~S

S.l Su~~ary and conolu~ions

Prestressed concrete structures can be designed for no
cracking under full service load, but in genernl, this
laads to an uneconomical and non aesthetically pleasing
structure due to the size required of sunh a ~ambBr.
There is also tho possibility that such sections bacome
oV€lrreinforcod or overprastressed with respect to tho
ultimata limit state. This often results in br:ittle
failure dUe to lack of dUotility, while also making the
member unsttitabla for moment rradist:dbution or plastio
analysis and design. partielly prestraeaed conorete is
hence a viable alternative to fully prestl"ossod conorete,
but with the reduct.ion Ln prestress, floxural orackil'lt;1at
service will ocour and must be oontrolled. DUe to the
high stremgth of prastrossihg staals I a ralativeJ,y small
loss of its crOSs sootional aroa lost due to oorrosion
can lead to a ormsir.1arablereduotion in ult.tmata strength
('If the member. Theroforo a reliable method to pradiot
araok width is noeaed.

!'t. Was shown that many of the eXistin9 aquations are
inadequat., mainly beoause they Ware Idaptad from
rGlin:l!clrcadc:lonoratoor they have badin clerivac.l bom a
statistioal ~nalysis of a numbar of different tosts, all
with different oontrolling oonditions and experimental
el:''''Ol,~. Henoa it was cieoidad 'I:hata :full1'1:11'190 of oommonly
used prostrt-lSSirlgEl'taels in combinZltion with daf-ormed
bars shoul,l bQ tt!:locl11"1an oxperimental fltudy. fl'hOOG t.O£lt.S

would haVe tho udvant.agc OVOl:' othl,;\\:' proviou£J 1:'090o.roh of
baing subjected to t.ho samo oontrolling conditions Dnd
QXp(i.udmcll''rtl;\lorror I thorO;l;o1:'o h19111:1. \111'1:1ng tho true
diffo;r.'onoasof 'I:hooffcot of differont prestressing
staals Shd B variation in tho partial prostrasoing ratio
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The prediotions of cracK widths by thee equation from
Act 31S-S:lu and CAN3"A23.3"'MS419correlate reasonably well
with the measured values, when the values of kw from the
test boams or the reduced Values of kw as sug9Qdted by
Scholz'" are used. The values of kw suggested by Suri and
Dilger20 do not compare well. The equation by surj. and
Di1ger2o compares badl.y with the measured orack widths j

espeoially when the values of kw as originally sugges'ted
by Sur! and 0.1.19'(.1):10 are used, as thE'lY give large
overestimations.
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Table 7.4(c) Percentages differences of measured and calculated and measured values for Tansi
et a~

I Bean
f

Equation fron ACI 318-83 and CAN3-A23.3-M84 I Equation by suri & Dilger

I Test !Jeans I Scholz I suri & Dilger ~ Test Beams I suri & Dilger

R1 I 13,3% l 13,.3% i 40,0% i 33,:3'%: I 86,7%I
F2 I -1.7,6% I -17,6% I 5,9% I 5,9% I 47,1%

i' I I 64,7% I 111,8% I 123,5%R3 I 64,7% 29,4% I

R~ I 70,0% I 70,0% I 30,0% I 80,0% f 250",0%
I
! IIl. I 13,3% 6,7% I 33,3% I 0 I 40,0%

I2 I 5,9% I 11,8% I 35,3% I l1,8% I 52,9%

I3 I 12,5% -6,3% I 12,5% I 6,3% I 6,3%

I~ £ o~ I 4,9% I -19,5%. I 0 I 92,7%• r _, "0

Kean I 2Q,9% f 1.4,.0% I 25,3% I 31..,1.% I 87,4%
i
I I Istu. Deve . 30,4% 26,5% t 25,4% f 42,2% I 75,0%
I

1.1.3



Tabl.e 7.4.(b) Comparison of m.easured and cal.cul.ated val.Ues for Tansi et al.1SuSl.ng the eqnation
by suri and Dil.ger»

(I!a) I
PPR Surf. « Dilger

,
BeaJll de ~ ~+~ w Test Beallls

{mm.} (~) {mm.2} (lUlil)
kw W (lIun) k.., t W (mm.) :

i
I IR1 284,63 43 35171,20 440 0,15 0 1,81 0,20 2,55 0,28-

R2 240,43 43 34384,00 370,6 0,17 0,32 1,83 0,18 2,55 0,25

R3 322,63 43 34160,00 I 301,2 0,17 0,59 2,42 0,36 2,55 0,38

R4 116,51 84 28976,00 1E2,4 0,10 1 1,36 0,18 2,55 0,35

I1 281,66 42 24157 ..12 440 0,15 0 1,81 0,15 2,55 0,21

I2 320,76 I 43 20093,04 370,6 0,17 0,32 1,83 0,19 2,55 0,26

I3 242,39 36 18579,00 301,2 0,16 0,59 2,42 0,17 2,55 I 0,1.7

I4 I 362,::21 73,5 20330,09 162,4 0,41 1 1,36 0,.41 2..55 I 0,79
---

1.1.2



Table 7.4 Ca} co.c:parison of measured and. calculated values for Tansi et aIlS using the equz.tion

from ACI 318-831& and CAN3-A23.3-MS419

Beam. f. 'I d" A" W PPR Test Beans Scholz ISuri & Dilger
(MFa) (wa) (mm2jbar) (lllIll) I _ -

k; w (:mm) k..,. w (mmJ k.,.. w (nun)
i " I

R1. (.284,631 43 3440,00 0,15 0 11,3 0,17 1.1 0,17 113,7 0,.21

R2 1240,43 i 43 3751,71 0,.1.7 0,32 11.,0 0,1.4 11. 0,14 f 13,7 0,18

R3 ,3.221'631 43 5693,.27 0,17 0,59 14,0 0,28 1.1 0,22 r 1.3,7 0.,28

R4 11.6.51.1 84 6636,00 0,10 1 1.7,6 0,1.7 1.1 0,11 1.3,7 0,21

Il 1281166 f 42 3330,86 J 0,1.5 0 I 1.1.,3 0,17 1.1. 0,16 13,7 01'20

t
I2 320,76 1;,3 3377,87 0,1.7 0,32 I 1.1,0 0,18 I 11 0,19 1.3,.7 0,23

I3 242,39 36 4502,35 0,1.6 0,59 I 14,0 0,18 1.1 0,16 13,7 0,1.9

I4 36.2,21 173,5 41.05,75 I 0,41 1. 1.7,6 0,43 11 0,27 13,7 0,52

1.11.



All the values of kWI for both. equations, underestimate
the crack width of BeamRB3604. Table 7.3(C) shows that
the predicted crack widths vary considerably between the
different values of kw when using the equation from AC1

318-8318 and CAN3-A23.3-M8419• Whenusing the equation by
Suri and Dil~er1(), the original values of kw suggested by
suri and Dilger perform better than the values of kw from
the test beams. tn general, for the tests by Bennett and
Veerasubi.·amanian25, the equation from A01 318-S3Hi and
OAN3-A23.3-M8419 used with the values of kw from the test
beamsI and the equation by sud & l)il.ger20 used with the
Values of kw that they originally sUggested, give the
best predictions 02 craok width.

,
Pretensioned strands

Tansl at ails tasted eight baamsj four reotangUlar
sections and :tour I sections, both series of beams
ranging from reinforced to fully prestressed concrete.
The comparison between measured crack widths and the
values oalculated from the equation in Act 31a"8318 and
CAN3-A23.3-M8419 is ahown in Table 7.4(a). TablE! 7.4(b)

oompares precl:i.cted orack widths from the equation by Suri
and D:i.lgar20 to measUr(,d vaJ,Ues.
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Tab2e 7.3.{c) Percentages differences of measured and cal.culated and :measured values for Bennett

T'ld Veerasubramaniau26

Equation from ACI 318-83 and C1>..N3-A23.3-M84Beam

Test Beai11s I Scholz I suri & Dilger

RB 1302 I 53,8% I -1.5,4% I 0

RB 1204 I 0 I -23,1% I -7 T 7%

RB 2~a4 I 50,0% -12,5% 12,5%

RB 2208 r 9,1.% -9,1.% 9,1%

RB 3604 I -9,1.% -54,4% -~5,5%
-

RB 3408 I -15,4% I -3u,8% I -15,4%

l{ean I 14,7% I -21,2% I -7~8%

std. Dev. I 30,0% T 1.6,8% I 16,8%
i

Test Eeams

E,!Uation by Suri & Dilger

Suri & Dilger

o

-15,4%

231'::'%

7,7%

-12,5%

9,1.%

-5~r5%

12,5%

45/5%

-23,1%

-16,1%

-45,5%

a

7,2%

22,1% 30,3%

1.09



Table 7.3 (b) comparison of ...easured and calculated. and measured values for Bennett and
Veerasubramanianz using the equation by surf and Dflqerro

Beam f. de ~ As+~ w PPR Test Beams surf & Dilger
(MJ?a) (mm) (-) (mm2) (mm)

u- W (mm) kw w (:nun.).n.",

RB 1302. 228,44 i 25 31.889,6 269,34 0,1.3 0/75 ::>.08 0/1.3 2,55 0,1.6 I-
RB 1204 25G/08

- 24 3271.0,4 389,00 0,1.3 0,49 2,02 0,1.1. 2,55 0,1.4
I

RB 2404 287,04 24 28469,6 463,84 0,08 0,66 2,08 0,07 2,55 0,09
1

RB 2208 223,1.4 43 30587,6 703 ..1.6 0,1.1. 0,33 1.,93 0,1.2 2,55 0,1.6 i
I
!RB 3604 1.40,25 24 25034,4 538,68 0,1.1. 0,74 2,08 0,05 2,55 0,06

RB 3408 _i_:93,68 43 27496,8 778,00 0,1.3 0,49 2,02 0,1.0 2,55 0,1.3
I

-~-----~ - - _.- -- ~ L ___ ~_. __~ ---- - -_ .. -~- - - ,

1.08



Tabl.e 7.3 (a) comparison of measured and cal.culated. and measured values for Bennett and
Veerasul:;ramani~ using the equation from xcr 318-8311 and CAN3-A23.3-M8419

Beam fs de Ae W PPR Test Beams Scholz suri & Dilger
(MPa) (mm) {mm2/bar} (nun)

kw kw x;w w w
(mm) (mm) (nun)

RB 1302 228144 25 2945 0,13 0,75 21,2 0,20 11 0,11 13,7 0,13

RB 1204 250,08 24 1821.,57 0,13 0,49 14,7 0,13 11 0,10 13,7 0,12
I

RB 2404 187,04 24 1..706,96 0,08 0,66 18,2 0,12 11 0,07 13,7 0,09

RB 2208 223,1..4 43 I 1495:68 0,11 0,33 13,9 0,12 11 0,1.0 13,7 0,1.2

RB 3604 1.40,25 24 1621,62 0,11 0,741 20,9 0,10 1.1 0,05 1..3,7 0,06

RB 3408 193,68 43 1..488,38 0,13 0,49 14,7 0,1.1 11. 0,09 13,7 0,1.1
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7.3.2 co~parison of predioteQ craok widths using values
of kw obtained from the test bea~;';lto measUt'ed
oraok widths from previous research

Measured crack widths fro~ the tests b~{ Bannabt; and
Veerasubra~ahian25 and Tansi et al15 were compared to
valUe~~ calculated from ACI 318-8318 and CAN3-A23. 3-MB4t9

and the equation by Suri and Oilger20• The vaIues of kw
suggested by scholz14, surl and oilger20 and values
obtained from the test beams were used in the comparison.

Post t~hsioned bonded strands

Benhett and Veerasu"bramanian2S tested six rectangular post
tensiohed bOhded partially prestressed cOhcrete beams.
Table 7.3(a) shows the comparison between the measured
crack widths and the values suggested by the equation
f3:'omACI 31B-8318 and CAN3-A23. 3-M8419, while Table 7.3 (b)
compares the measured crack widths ana the values
calCUlated b:o{the eq 'ation by Suri and Oilger2o• Table
7.3(C) shows the statistical analysis perfor~ed on the
differences between the calculated and measured crack
Widths.
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Table 7.2(b) Comparisonsof measuredcrack widths fromthe test beamsto values calculated using
the equation by suri and Dilgerw continued

Beam de (nun) As + ~ ''llllll2) I kwl I WI (nun) I kw2 I W2 (nun) I
!

C2#2 32 376,42 _L_~_1.183 0,1.7 2,55 0,24
I

C3#1. 38 300,84 I .,37 0,21. 2,55 0,21. I

-

C3/2 30 300,84 2,37 0,1.7 2,55 0,20
- -

(;,4#2 80 1.49,68 1.,36 0,20 2,65 0,39

I D1.#1. 41 378,74 2,09 0,1.2 2,55 0,26
I

I D1#2 26 I 378,74 2,09 0,1.5 2,55 0,1.6

I L -
D2#1. 29 305T48 4,54- 0,1.4 2,55 0,1.2

- -----

Note: (1.)kwl indicates the values of kw obtained from the test beams, kwl the original values
suggested by suri and DilgerO

(2) ~l is the average of the values of kw cbtained from the test beams excluding the
outliers

J.05
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APPElNDIX D

ElXl?ERIMENTAL MOHI!lN'r-DEFLECTION CUtWElS FOn. THE TEST DE1\l1S
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Figure 81 Experimental moment-defleotion ourve for beam
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APPENDIX A

S~RESS~S~RAIN CURVES FOR UNPRESTRESS~O STEEL AS USED IN
THE I).lESTBEAMS

These are the curves from the remainin~ two specimens
that were not included in the text of section 4.2.1.

500

450

400

350

300

250

200

150

100

50
o·-~~~~~~~~~~~~~~~--~~~~~~~~~~~
o 10 11 12 13 14 15 16 17 18 19 20 21 22

119



8.3 neoornmendations tor Future nesearch

jrhe majority of physical variables of the beams were
taken into consideration in this research. The effects of
parameters such as tha shape of the section and cover
Wet'e addz-eaaed in previous research26 and therefore were
not included in this study. An important factor that
cannot be overlooked Ls that of loading. Future reseal'ch
shOUld focus on repeated and sustained lOading.
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allowed to crack at service.

8.2 Recommendation for Prediotion of Crack width in
Partially prestressed Concrete l<~lex\.\ral Members

The values of kw obtained from the tests generally gave
better predictions of orack width than the old values by
Suri and Dilger2(), but similar results to the reduced
values of kw sl.tggested by scho Lz!" when compared to
previous research.

When compariny the performance of the equation in
Act 318-83!g and CAN3-A23.3-M8419 to the one by sud and
DilgerW, their results are very similar for Bennett and
Voerasubrm\ll1tlian21, whel1 used with the va Iucs of kw from

the test beams and the ori;inal values of kw suggested by
sur L and Dilger'W, re!'1pectively.

Using the tests by Tansi et all5 as a comparison, the
equation from ACI :318-S318 and CAN3-A:?3. 3-MS419 used with

the valuuu of kw from the tuat beams or the ones
sug~est(.jd by Scholz 1,1 Cjuva the best results. The eC,lutltion

)JY Sur1 and Dilger211 overestimated badly, especially when

used with their original values of kw'

It is t.hus recommended to usa the equation from ACI 3l,S'"
!J3IK and CJ\N3"'A2J.3~M(1)Iq:

'r(jtjoth(w wl.l:h tlw tn'opost!(.1 v,\1110S oj; kw obt.aLncd from bhe
grHphs ot'u; vs . tho tJHr:tial.prestressing ratto, or the
reduced values of kw as suggested by ScholzN.
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I.rable 02 continued

Beam 10 40 90 165 200 224 I 266

02#1 Lll' 1504 30a l.78 -922 -1273 ""1625 "207S
~ -OF 667 477 260 ..1184 "1292 "'1651 ...:a55

~~
RF 696 299 187 "'U92 "'1445 ....1510 "'1996

Ll3 723 527 315 ...1013 ...1319 "'1522 -1981
OB 1'.115500 295 ..aao "'1269 "1615 ...2035

~
Rl3 1396 669 235 ..uso ...1825 "'2093 "'2'777

02#2 tIl' 584 471 165 -710 "'858 "'1077 -1422
.....",..._ ~

OF 515 360 178 "1340 -11$69 -1802 -2367
I- -RF 529 420 96 "'642 "'723 "1143 "'1308
I- ~ ~~
LB 64G 486 202 "620 ..SOl "'932 -1558
oa 676 4e3 216 "'1169 ...1290 "'16ao "'2192
RB 695 )9 223 "'!S,Og -765 .. 976 "'1223.....

lSJ,



Table 02 continued.

Bsam ic 40 90 165 200 224 265

C4~12 LF 738 664 358 .. 42G -a43 -1064 "1427
ell' 6130 559 289 "'470 ...G06 ...783 -lOGIS
RF 634 477 28l. ...684 "911 "'1090 "1.!58a

_...______ 1-- ...............

Ll3 572 441l 219 -792 -10'70 -1278 "'217
013 649 451 211 -S5G -G97 "854 -2607

RD 646 502 248 -724 ""023 "'1131 "'1.4913.-- ........ ....,.,_.
01#1 tIll' ..

,.._........... ~--...-.-.. .......
OF !SS2 Sl.2 209 ",!5!$G ...667 ...0157 "1116

RF ...
LB .. -~
Cl3 407 364 84 "636 -75:.1. ...922 "1270

RD ...

01#2 LF 747 610 2GIS "'673 "'1591 ...1174 "'1134
.....

OF 718 499 250 "989 "U(l7 "'1l:iG7 "'1776--RF 648 3!H) 248 ..G07 "903 ..1131 ....1540-- ---La a08 G05 396 "'5l.2 "'789 "'089 "'1:388
..........__

CD 569 482 45 "1024 ..1238 ...14GO "1770
RD 1287 !:h~4 613 "1363 "'1323 '"'1640 "1802

~
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Table 02 dontinued

Beam 10 40 90 165 200 224 265

02#2 IJF 655 451 218 "'415 "'562 -720 "'1093
OF 624 522 290 -877 ...e99 -997 "1475-
RF saB 499 219 ....1402 -1707 ..2049 "'1312
La 764 57S 321 "'711 "944 "'119B -1429
CB 710 $79 309 ..430 -479 "'427 -1181

........... ,~~

RB 694 S7!:l 318 -714 -aaas "1315 "'1725-C3#1 LV 791 543 335 -519 -145 -942 ...1293
OF 51S3 519 200 '"'9215 "U29 -1185 -1778
RF 627 464 ?29 ...577 "'770 -936 "'1448- .........,.__

IJB 632 346 229 -553 "'S48 "'919 -1203..._ ~ -CB 694 504 2159 ...915 -1334 -~.473 -J.507
..~

na 703 509 22Ei "'615 "S50 .. 978 "'1480

03#2 LF 140 533 262 -1523 -858 "'105J, "'1393
OF 759 581 313 "'8U ...1096 -1378 -:L821

.....__~

RF 791 592 323 -770 "91!S "':1.289 "1754
~ -

IIB ~/72 470 243 ...(598 -1175 -J.408 "'975
,~ - - -CB GU 1.51 192 ...:t03£) "'1312 "'1623 -1915.

Rt! 1542 !t52 191 ··no ~'915 ...1131 ...1472



(2) Series c and 0: s't:r'aihs Were measured at d lI:: 10 mm,
40 mln, 90 111m,165 mn, 200 mm, 224mm and 265 mm (from
the top extreme concrete fibre)

Table 02 E~perimantal conorete surfaoe strain
measurements (x 10~) for series C and D

1($5 200 224 265

"60S -B87 -1122 "'2646

..1499 "':1.563 I -acaa
~'_'_""~

-60·, -GS3 -903 -1200

Beam 10 40 90

"'9),7 -1062 ...1423

1m 983 772 93 "'1177 -3.374 -1556 -1na~----I----'·---____._.~--........___......._.............,__..........._................~....--..
Cl#2 LF GOl 419 132 ...917 "1338 -18:30

RF ($17 4:38 171 -1040 -1107
lJB G:H) 292 ...7 "u12 "':lA02----- ~OB 4<i6 297 -" "937 "'505

nu 499 254 -2'7 "'1157 -1305
......_._ ~ -

C2#1 LF 735 560 291 -lOIHS -£lIto

OIl' ·/50 577 2713 ...a18 "'1024
~ --~ _._
HI·' "'4o 546 249 -GSu "704

...............- ............... ~ ~
LB 546 379 147 -f.H) 4 -838..__-- --~
e13 555 37Sl 131 ...346 -:l.2GS

na 55:.1 :.157 :L02 -lGll "'1943

I------I----~·------f-------

"'1319 "'1678

"1347 ""au!) 1
_....._.

"'1767 -:1.953

-1591 "2035
...:1.193 "'1846

-%9 -1230

-1279 -1525
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Table 01 dontirtUe4

Beam 10 40 90 200 224 275-
131#2 L).1' 622 651 "'69 -1124 -1316 "'1723-----CF 651 351 "41 ....1326 "'1579 -2037- -RF 527 348 -89 -745 -1509 -1377

w

LB 653 502 112 -1424 "'1659 -1606

CB 698 371 -1978 "'583 "794 -1579
_.,.,.___ I-_'"

RB 790 555 - ...1010 "'j,OfJ4 "'2009_.
B2#1 LF 59:1. 308 -120 -l.l40 "'1352 "'1864-CF 575 290 -84 -943 -1116 "1570-RF 534 290 "10'7 -1074 -1302 -:I. 728

LB 505 303 -95 - -1285 -1720

CB 503 315 -69 ... "'1153 ...1573

UB 55a 278 "'134 -1148 -136Q -1884

l'l2#2 LF 650 366 -25 -1122 "1309 -1842
--..........-..,..._

CF 736 408 "114 -1224 "1461 1955

RF 738 40a "81 ... - -
-.

LB 6(50 331 -162 "1.0&7 "'1::127 -3692- _.....".,~-. .
CB 607 256 -He -1370 ...1G29 ..264
1-- ---RB 556 292 -196 .. "'2435 -3017

:1.47



Table 01 dont:lnueli

Beam 10 4,0 90 200 224 275

A2#1 LF 7lJ7 445 "'34 ..1373 -1648 -1883

OF 7<56 465 ....2<5 "'900 -1053 -1801

RF 768 476 "'3 -1130 -1383 -1869

LB 693 392 -77 -1098 -1313 ..1813

OS 694 412 ....92 "'1575 "'1882 -2409

RB 735 433 -64 "'1109 -1346 -1884

1\2#2 LF 4615 220 -15S ...S47 "'lOOG -3258
OF 543 176 ..·558 -2382 -2743 -1502

RF 535 206 -279 -:1.414 "1679 "'2372

LB G5? 358 -144 -1345 -1606 -2179-
013 718 381 -246 -1392 "'1783 "'2441

RB 667 409 -63 "'1369 ....1491 -1909

131#1 LF 679 406 "'39 "'10GS "'1286 -1647

OF ... ... -1 -822 "'1021 -1452
,

RF ... 390 -34 "1303 -1560 "':1.448
LB 573 310 -177 "'898 "1037 -1459-OB 3Sl4 .. "'138 -1243 "'1497 -1816

RB 614 320 -84 ... -933 "'1372
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APPENDIX C

EXPERIMENTAL CONCRE'1!ESURFACl1 STRAIN MEASUREMENTS

(1) Series A and a: strains were measUred at d = 10 mm,
40 mm, 90 mm, 200 mm, 224m11'land 275 mm (:fromthe top
extreme conorete fibre)

Table C1 Experimental oonClrete surfaoe strain
measurements ex 10~) for series A and 13

Beam 10 40 90 200 224 275

A1#1 LF 696 379 "99 -1272 -1594 -1984
ell' 675 415 ...59 "'1056 "'1119 -1739
RF G82 394 139 -1057 -1269 I "1753
LB 661 355 "'77 ...1075 "'1278 -1727
C13 1567 364 -128 -1131 -1340 ...1772

-RB 672 370 "62 "1303. -1552 -2198
A:L#2 LF' 603 305 -299 -1727 -2010 -2528-CF 620 308 ....140 -1242 ...1521 -20(55

RF 593 308 -140 "1242 -152j, ...2065

LB 661 383 -100 ...951 ..1347 "'1552
CB 725 383 "'16G "'1093 -1322 -1860
LB 695 410 -85 ...1654 "1947 ...2558...._
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