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ABSTRACT

This dissertation deals with cracking of partlally
piastredsed conarete wembers. Four series of heams with
Aifferont types apbd vombinaticas of prestressed and
unprestressad steel ware cast, ranglng from reinforced
conarete throvgh partially prestressed concrebte to fully
prestressed conorela. The beams were subjected to bending
by twe point loads in order that a pure noment ragion
could be zebk up md all crack width measuremetils were
wade here, Cragk nmeasurements have been analyzed with the
objeutive of formulating inproved arack wildth
predictions.

As a result of this study, the eguatlon from ACL 3is-gal®
and CAN3-223.3-M84Y und the equation hy Suri and Dilger®
were improved upon, by the inclusion of variable oracking
tactors which take accounkt of the type of prestressed
steel and wnethod of prestress uged, and tha amount of
prestress prasent.

The applicabllity of the proposed methed for prediction
of orack width is shown hy ecomparing predlioted orack
widthe to measured erack widths from provieus raseardl.
Dy conparison the predicted erack widihs, using the
eracking factors obtained from the test keams, wera
similar to those using the factors suggested by Scholal,
but were an improvement over those whan using the factors
suggested by Surd and Dilgoe®,
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ft should be noted that Hognestad' made vaprlous lncorvect
assumptions!

- a uniform tensile strags ls assumed across tho
seotion, whlile in Fact Park and Paulay® have shown
that tha distribution is varilabla.

- craok width is agsumed to be consgtant throughout the
sagtion.

2:2.2 Neo alip theoxry

Bage et al® masumed that no slip cocurs botwaen tha steal
and concreta. They proposad that orack width was at a
maximum at the tendlle face, Jaoraasing to zero at the
rainfoyeing bar implying that the crack width is
dependent on tha deformatlions of the concrate surrounding
tha bar, Wadge shapoed ocracks would rasult from such
cracking. Thelr suggestad equation waa

£.h
: - ang »
ww3,ac Enh:, [2.2]

Basby'® modified no~glip thaory to develep hie aquations
for praediction of orack width in relnforced conaratea, as
dascribed in section 2,2.4.

2,2.3 The statistlical approach by Gergely and Luts

Gargaly and tutz" examined existing equations of the time
that oaloulated orack width in relnforcad econdrate
nembers. Thoay found that wvalues pradicted by thase
acuations varisd consildarably and puggastoed thoir swn
aguation basad on a statistleal analysis. Fark and



turn dataermine the crawk aspacing. The conereta tenailas
gtress would thus inhcrease to o maximum halfway hetween
two aracis, whlle the stoeel stresp was o minlbum hore.
Now ¢radks would then foxm botween initial eracks untll
a stabilized craek spacing had bean roeached.

The agquation by Hogrestad®

af,

aﬁ\il’l = m [201]

prodictad thut a new orack would form eanly when the
gpacing hatwoon two already axisting addacent cracks was
groater than twiee the adniman grack spaclng, a,, fov
that particular mombar (aeg shown in Flgure 2,1), assuming
that the tonalle strength of the conarete had baen
akeeoded in that portion of the mambar., Howevar, ha found
through exporiments that the sverage orack spacihg was
one and a half timas his suggested minimum epacing, le.
1,88, On this basis, Hognestad® suggosted an equatlon
{for maximum oxack wldth, other improved oguationa woere
darived by cEB™ and Rany and ltognoabad!.

pasi. e o it 4w i P

<,

~ /é “‘?
A -

Wleura 2.1 cragk gpoacing dus to elagsical thoory
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widkth that is acceptable o the dgeneral public is
depandant on personal opinion. This is reflectad in the
differert recommendations of Park & Paulay® and Park §
Gamble’ who suggest 0,25 mm to 0,38 mm, and Leonhardt! who
suggasts 0,20 mm as the visually acoeptable linmits.

2.2 'The Mechanism of Cimeking in Prestressad ang
Rainforeed Concrote

Three types of oracking can ccour in conorete structuras:

- due to flexural strenmses

- dus to plastic settlement of the conareta

~ dus to volumetric changes, generally caused by
shrinkage

Much of tha existing theory on cracklig of partially
prastrassed concrete membarg is adapted from rasearch
parformed on reinforeed concrate and henes 1t is
partinent at this point to examine the wmechaniswm of
flexural cracking in rainforced congrata. Cracking dua to
plastic seobtlemant and eracking due to volumetric changes
have been omitbed since thay are ouksida the soope of
this reoeawrch. Several theories have been advanced, but
Perk and Paulay® have identified the most rolevant ones
whieh will be brlafly summarlsed balow.

2.2:1 Clasaioal thecry

It waa believed that initially cracks formed randomly
wheravar the tensile strength of the eonorete had boen
axceaeded, At a srack, it was assumed that only tha steel
garriad the tenszile stress, which implled that slip
batween tha steal and the surreunding conerete voourrad.
Howaver, it ila the Bond that enables the generation of
tenslle stress ih the stesl., The allowable bond stress in

a



aince it ls of high strength and hence even a small
percentage of its crosg saectional area lost due to
corrosion can cause a considerable reduction in strength.
Protection of the prestrassed steel can be one of three
types:

(1) In pretensionsd members, tha prestressed stesl comes
inte contact with the concrete whioh forms =
passivating layer, in tha same manner as described
abave,

(2) In post tensionsd bonded members, once the stressing
of the gteel iz complete, grout is injected inte the
dusts. This ¢grout forms the protaective layer on the
steal. ’

{3} In post tanszlonad unbonded wembers, the prestressed
stael comes into cuntact neither with concrete nor
grout. Tharefore graase is injacted into the ducts
after stresslng, ok in soma cases, the prestressed
steal ls supplied Iin Auects that have already bhaen
greased.

Both the permaadility and the cover sre thoe main factors
influencing corrosion of the steel, while résearch on the
gorralation betwesn the exeaeck wildth and corrosion is
ineonelusive. At prasent, it 1s thought +that thae
pagalvating layer oh the eteel remains unchanged for
erack wldths up to 6,4 mn’.

2.1.2 Aasthetlo considerations

Aosopding o rafareioe §, cracks are visually
unagoeptakle to the publlc since they can cauas alaxm
with regard to the =afety of the strusture. The rafarende
also states that « definite limit on tha maximum crack

5



2 DETAILED FORMULATION OF THE PROBLEM
2.1 Introduction

Engingers are often more concexrned with the performance
of &n element at the ultimate limit state than with the
behaviour at the at the sarviceability limit state.
However, when dealing with coneratae strustures excessive
cracking and defledtion cvan have far reaching effectws.
The prosecuted examination focuses on the cracking
behaviour of partlally prestressed meitbers. An improved
caloulation method for the crack width prediction of such
nembers is sought. Two raeasons for crack oontrol are
apparant:

- protection of the presiressed and unprasgtrossed
steel against corrosion.

- aesthetic consilderations.

2.1.1 ¥Protection of the prestressed and non
prastresgad stesl against corvomiont

Hydration of congrete produces a numbar of alkalins by-
products, the malin ohe balhy calelum hydroxide having a
pH of 13. When these compounds ceme inte contact wiih
bonded stenl, o passivating protective layer of Ferric
oxidae ig formad. This passivating layer may be broken
down mainly by carbon dioxide; whioh reacts with the
caloium hydroxide to form caleium carbonate which has a
Pt of only B. Thia is detrimental to the protustion of
the steal since the lower the pi of the passivating
layer, tha lessy affective it 18 agalngt stopping
corrasion,

It is aspecially important te protect prestraessed stsal

4



(2)

(4)

(5)

(6)

Wikh lowar values of presbress, the compressive
gstrangth of the concruce at transfer need not be as
high as for a Fully prestressed member, leading te
¢cheaper doncrete, If transfer ptresuts are
governiing. The problem of cracking due to bursting
in the end sones ig also dininished.

Low prestress produces raelatively small alastic
shortening and creep shortening, henwe reducing the
logs of preastress. Also as a result of tha lowar
prestrass, volumetric changes in tha condrete will
be less, thereforé reduscing the possibility of
cracking at fixed mamber cvonnamations.

Tadros® ohserved that a partially prestressed
nemher la capable of darrying the same loud as a
fully prestressad merber significantly earlisy fox
the same ooncrate strength hecmuse of the raduced
strespes at tranhsfer. Heros the shubttaring may be
stripped wuch earlier and therafore usad wora
eoonomleally.

Most importantly, fully prestressed sections can
tagult in  brittle solutlons. Tha predominant
requirement of serviee, in particulay eracking, can
produce overprastressed seotions in terms of the
altimate limit state, resulting in a low ductllity
ocapacity of the mambar. Such mambera are not
aultabla for nmoment redistribution or plastie
analydis and dasign.



steal.

1.2 QReasong for using partially prestressad concrets

degignad Ffor no ecvacking under full sevvice load.
Howavey, Lt wiae theh realised that fully prestressed
wembers did not always offer optimum structural
performance and were not negassarily the wost economic.
Hence partially prestressed concrete was recognised as
being a viable alternative to both reinforced and fully
preatressed concrata., With this recognition, reinforced
and prestressed concrebe are not seen as two completely
separate entitles, bubt as boundaries of a gpectrum, of
which partially préstressing is & transitional stage. The
reasons for using partially presgtressed condrete ovar
fully prestresged concrete are numerous, for example:

{1) Prestressing stasl is more expensive than erdinary
unpprestresssd reinforcing due to its high
strongth. Partially prestressed concroate uses less
prestressed steal than fully prestressed consrate
and hanee the wembers gan he more econamical.
(obviously thers L an optimun ratlo of the anount
of prastraessed steel to the amount of unprestressed
gteal in a given situvawuen). Xn the cuse of post
tenaloning, a reduction in the amount of prestrassced
stesl alse leads to a saving in the cost of end
anchorages,

(2) Tha initial upward vanbey before loading ia lasa
than that of a fully prestressed nember dus te the
raduction in prestress. If the live load is largoe
and mostly translant in nature, such upward camber
can incraase teo undesirable values duo to oreeg.



1 PARTIALLY PRESTRESSED CONCRETE
1.1 Inktroduction

The purpoge of this diseertation is to examine the crack
behaviour of different partially prestressed concrete
gections. Initially a brlef Hhlastorical overview of
partially prestressad doncrate 1s presented and the
benafits of using partially prestressed sections are
anumerated.

Partially prestressed copcrete members ara members 1h
which coracking ls permitted undar f£ull gervice load,
while containing both prastressed and unprestressed
gteal., This form 'of structural element is now widely
accepted and has beenh promoted by many ressarchers over
the lagt forty years or s¢.

The origin of partlal presgtressing ie gensrally credited
to Emperger’, at Austrian engineer. Not satisfied with
the cracking and deflectlon characteristics of soms
reinforoad condt ete beams he had been designing, he triasd
to improve thair serviceability behaviour by adding gome
pretensioned wires to his design, Abales? took the
goncapt further when he raalised the problem of prestress
logsen, Having investlgated this problem, he comvingad
British Rallways in the 1940's +to use partially
prestresged sections in all their new bridge designs.

Bua +to their superlor performance over relnforded
concrete mewbers, partially prestressed concrete members
ean be smallar making them more acsthetleally pleasing,
while they ares more economimal than fully prestresszed
condrete wewbers. The term fully prastressed describes a
member containing only prastressed steel, whereaz a
rainforpad concrete membek contains only unprestressed

1
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residual crack width

bond ‘factor for Bennett and Veerasubramanian
bond factor for CEB/FIP 1978

loading type factor

gtrain at the level cgonsidered

conatete tensile strain corresponding to the
filctitious tensile stress, £,

averags strain

ineremental steel strain in non prestrassed
steel

strain in non prestressed steel afbey
deconprassion of concreta at level of
praestressed Steel

adaitional strain in non prestressed steel
accuring hetwean decompresszion of concrete at
tha tenglle face and decompression at the
level of the prestressed stae)

bond factor

stress type factor

ratlio of tensils steel to concrete area (bd)
sum of circumferences of all tenslle stsel,
prastraessed and non presbresaed

bar diameber

v



prestrassed steel

depth of section

erask helght remote from a r. !nforoing bar
distance from centroid of tension steal to
neutral axis

distanca from extreme tension fibre to neutral
axie

prastraessing index

second nomant of area of condrete section
cracking factor, usually dependent either on
the conmbination of prestressed and non
prestrassed steel present or tha type of
prestreas used (has various subseripts as
definad in the text)

ponstant ralated to the stiffness of the
agyragata

banding moment due to applled loads

¢racking moment

noment dus to dead load

decompression moment

momant due o live load

ultivate woment sue to prestreszsad steel
ultinate wmoment due to non prastressed steel
partial prastressing ratloe

tenslon bar mpading

orack apacing

distance from extreme tansion fihrxe te centre
of adiacent bar

distance frow the gida of tha beam to the
cantre of the adjasent bar

orack width

point lLoad

dapth to neutral axis

swmalley dimension of a link

atrangth factor ralated to aggregata
characteristics

®iv



LIEP OF SYMBOLE

Symbol

erack spacing

distance from conpragsion face to point ot
whieh orack width is being calculated
distance from orack considerad +o rearest
lengitudinal bar

ninimum ckack spacing

effactive tenslon zone area

area of prestressed steel

area of hon prestressed steal

area of concrate below the neutral axis

width of 'section

aoncrete cover, measpurad to surface of bar
crack height directly over a rainforaing bar
minimum cover to tension steel

affective dapth to total area of tension steel
ooncrete covey, measured to cantre of bar
depth t¢ centroid of prestreased steel

depth to centroid of non prestressed steal
modulus of elasticity of concrate

modulug of elastloity of prastressed steal
noduliug of alasticity of non prestressad steel
characteristlo concrete cube sgtrength
fictitious concrete tensile stress

tanslle stress in prestressed steel st
ultimate limlt state

inoremental stress in prastressed steel
characteristic strength of prastressed steel
chavacteristic yield strength of prestressed
gtaal

incremental stress 1ln non prastragsed stes)
charactaeriastie yleld strength of  non
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whoera!

“ $; is a constant which was derived from the values
of ropidual erack width obtained aftar removing tha
load Lrem the tost boamg. The suggested value for
doformad bars is 0,02 mm

- f, 48 & constant dapanding en the bend
characteriastics of the unproestrassed stoeel., Fow
deforned bars, fij = 6,5

- &, lg the inerecwental stress in the unprastressed
stoe) after coneroate decomprepsion at the soffit of
tha boan

- d, is tha conorete sover to the c¢enttre of the
nonrast bav

Thay do not state whather the ealpulaboed orack width in
at the lavel of the tensile ateal (prestresged or
unproegstragesed) or ot the tenslle facae, It should ba noted
that aguatien (2.9] does neot take +tho bond
charactaristics or the Ulype of prestressad staal Into
guocount, Nota alse that cover, 4, has boon includad in
tha aguation, but thors iz no mention of the composition
of sgtaal areas., The term &, the staal straln, la siwply
the stasl stress divided by the clastie nedulus, 5,
agsuning that tho load lias in the slastic rangs.

(5) &P 110", BS 8110%, sSAaBS 0100%, ng s5400%

Tha aguation predicting erack width in tha above codas is
bagad on the work by Basby™ on reinfarced conorsta and
ingluded the changos yooommendad by Beeby et al? that
were neceessary for prestressed congrebo. Soholz' glotas
that this equatlon Lo complox and theweifore oan be
unattractive to the deslgn onglneer, The maximunm erdck
width at the tensile fawe ia glven by:
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prestressing uded,

Table 2.4 Yalttes of k for Nawy & Huang® and Nawy &

chiang®
Type of prestress used k
protangioning 5,85 g 109

post teﬁaioning (unbonded) | 6,51 x 10¢

Naaman® conaludes that this oquation includes most of the
important paramoters that have an offact on the eracking
bahaviour of partially prestropsad wembers, aruapt that
of the soncrate cover, Howavar, Nawy? balleves that the
covar is acoounted for in the toerm 4.

{4) Bennett and Veerasubramanian®

The taln objdctivae of thls atudy was to vompare fha
oracking bshaviour of four different shaped oross
secklonat wveotangulay, I, T and composito, Bennhebt and
Vagrasubramanian® balioved that tha axisting wasearch of
tha tine that had foousaed solely on ractangular boamsg was
not typleal of practica. Hende they wanted to find i1f
thera was any corralation batwasn raesults from
rectangulayr ssctjions and those from I, T and vomposite
sootlons, Tt was in fack found that tha shape of the
orogs sectlon had no maasurable influence on the orack
width, Thelr proposcd eguation for predicting maginum
erack width was:

we iy Ngead, 2.9)
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rabla 2.3 VYalues of &, for Buxi and Dilger®

gteal comblnation Ko

deformad barmstrﬁnd 2,55

deformed har-wive 2,51
gtrands only 2,65
wiras only 4,80

Scholz" found that eguatlon (2.7) predicted larger otack
widthe to those meagured in the tests by Tansi et all,

{3} Nawy & Huang® and Nawy & chiang®

A serles af pretonsionod I and T boams were testoed by
Nawy and Huang”, while Nawy and ¢Chiang® tested a sexias
of pust tansioned unbended T beams. Similar equations
wore derivaed from {tho resulte of hoth tests and the
maxlmum orack width at the levael of the unprastrasesed
ataal wvad suggestsd to ba:

Wk gk £, [2.8)

wharat

Lo A is tho area of oonerete in tension helow the
neutral axis.

- L0 1s the sum of the parimeters of all tha bars
orogaing the seotion on tho tensgion side

- I, is the incramental steel stress after the point
of dacompression at the lavel of the unpreogtressad
ghgal

v k is & variable fachtor depending on the typs of

18



(2) Suri and Dilger®

gurli and Ndlgar?® used a statistical approach on already
oxigting aquations resulting in an eguation pradicting
maximum orack width at tha level of the unprestiressad

gteal:
W de | b % 1,0% [2.7)
N A,
whare:

-

F, 18 tha inoremontal stesl strese after the point
of dacomprossion at the level of the unproctrossad
gteal

d, is the concrebe ocover to the centre of the
naarast bay

A lu the awvea of congrete in tenaion belew the
noutral axis. Tt was argued thut A4 vardes as the
neutral akis varilas and henca tha effact of thie load
leavel on tha arack width would bo better
raprasanted.

(Ag+d,) 1e the tetal area of tensile stanl, Surd and
Dilgar® shese te Ingiuds tho tebal area of steal in
the oguation insbead of only the avea of
unprestressed steal, sinee for a large value of
prestress, the araea of the prestressod gtoal can be
of sinilar ailze to the aroa of unprestresgad steal.
The observation by Bénnett and chandrasekhar® that
the orack wideéh s influencged lwy, among other
fackars, the tobal area of stesl lrroeupective of the
dogree of proagtrosy, supports this deoision.

ky 18 a varlable lactor depanding on the type of
prastrasged and unpreatressaed atacl uwsaed. Buggestad
valuag aro

17



Table 2.1 Valyes of k, for A2 318~83% and
CAN3~A23:3~M84” by suri and Dilger®

sﬁaal ganbination - - kg
deformed bar-strand | 13,7
-daformed bat-yirve 20,3
aﬁfands.ohly. 21.8
wires only 37.2

deformed bar-unbonded tendon 25,0

Whan Scholz compared the resulis from equation (2.3)
using a factor of Xk, = 13,7 to the roesults of the tasits
by Tansl et all, he found that %, = 11 in fact gave
batter rasults for the deformed bar~strand combination
and subseguently suggssted redusing all the k, values
suggasted by surl and Dilger® acecrdingly:

Table 2.2 Reduced valuas of k, for ACI 318~83" ana
CAN3«A21.3~ME4" by doholzM

gtael combination a kw.”.
'gmaa NOVOT R W
dsformed bar-wilra ) 16,4
strands only 17,4
wives onty | s0,1

daformed bar-unbonded tenden 20,2

Howaver, thesge raduced values naed to boe verified by
axparimental results.

18
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whare:

- t; 18 tha concrate covar to thae ocentve of the
neavesgt baxr

= t, ig the dlgtance from the side of the beam to the
santre of the adjacent bar

- A, ig ag described above for eguation [2.3]

= Jy is the distance from the centrold of the tension
gteal to the nhautral axis

- Iy 1s the distance from the extrome tonsioh fibre o
the heutral axis

- ¥ 1l the incremuntal stael stress after tho point
of deconprassgion at the loval of tho unprestrossed
staol

surl and Dilger®™ re-cvaluated agquation (2.3} and
stiggested replaclng the factor of Xk, = 11 by a varlable
Xy« They found that eguation ([2.3] worked well fox
pratengionad gyahds and daformaed bars, Isuk
underestimated the crack width for othar combinations,
The factors thay suggested wered

15



A, 1s the area of woncrete in tansion around per bar
ag shown in PFigure 2,4

1 () prestressed
gtanl

v uiprestressed
steeal

+  oehtrold of
tongile steel

us we b gt s

AN
S'\\' ‘Q\:‘;} ‘:\\2\&. \' .
Py '] araa A,

. J— P I R

Plgure 2.4 Defipition of A,

Sh{l-d) .
A ® ne, of barsg (2.5]

Wwhen the tensile steel o¢onsiats of prestressed and
unpragstressad  otoeel ot  different diumecters, the
"affectlva® number of bars iz calculated by taking the
total arca of tensile stesl and dlviding 1t by the area
of the largest bar,

Thig eguation 1s a modified form of the Gergely~Lub=z

agquation’ whare tho maximum erack widkh is given at the
level of the unpregtrossad gteal:

14



Two typas of eguationg for predicting orack width in
partially prestressed concrete are apparent:

(1) orack width is related to the inoremental steel
attens
(2) erack width is related te the flctltisus concrete

tensile strass

2,3.1 Bgquations relating the corack width to the
incremental stesl strevs

The majorlty of edguationg in this category are of the
form:

w e kof, [2.3)

Thase equations are developments of the theory desecrlbed
in sections 2.2.1 to 2.2.4,

(1) ACI 318-83" and CAN3~A23,3-Ma4®

The maxinmum crack width at the level of the unprestressed
steal 1s givaen by the oguation:

W khf;v?ﬁﬁj % LOE [3,4]
wharas

- ky = 11,

- Iy g Bhoe inagromental stecl sbroess attor the point
of decompraession at the lavel of the unprostressed
steal

- ¢, ls the concrate wsover to the oentre of the

naaroest bar

13



crack height

' crack height

Initial

M, moment

Figure 2.3 (a) Moment~orack height curve for reinforced
donorate bhaam

crack height

M, momant

Figursa 2.3 (b) Moment~orack helght suxrve for prestressed
nondtaete beam
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Beeby's equations'® for the prediction of orack width were
complex, and ware therefora not suitable for averyday use
by design engineers, As eghall be shown, both the
eguations by Beaby' and Gergely & Lutz" were adopted by
er 110" and ACT 318-84" & CAN3-A23.3-MB84"Y respeactively,
and suitably modified for partially prestressed concretae.

2.3 DPrevious Research and Code Recommandations

As already noted, many of the eguations predicting crack
widkh and wvode pecomendations for llmiting orack with
were nodifications of thede applicable to reinforced
oonerete. This modlfileation was necessany due to the
differense in cracking behaviour®:

- unprestressed reinforeing has different bond
characterlstices to prestrossed stesl.

- the oracking behaviour of reinforced and prestressad
consrete dlffer. PFlgure 2.3 shows the differense
between cracking in a relnforced concrete menmber
(Figura £2.3(a)) and a prestressed conorele member
{(Figure 2.3(1L)). In a reinforecad concrete mamber,
onge tha cracking woment has baen raached, the
moment capacity of the section decrcases as the
arack height increasas, While still applying moment,
the crack height will continue increasing and once
again the wvalue of the cracking moment will ba
raachad, This haight is reforred to as the inltlal
erack halight, The worack height will then continue
increasing with an Increase in applied wowent, and
thore will be no change in tha c¢rack patbtern. In &
prastressed conorete membayr, ‘the initial drack
haight is vary small and the eraeck helght simply
inereasen with an increasce in appliod momant,

11



ag in (a).

s -*&‘-'..r:,_
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Pigure 2.2 (a) Cras~ring distant from a bar, controlled by
hy

=y

[

-—
!

Plgure 2.2 {b) cracking at a bar, controlled by g

However, some sllp will ocauyr and hance the effective
height will be dreatar than ¢, slnce the erack width is
not zero at the bar surface, leading to behaviour that is
intermedlate betwesn the lp and gy cracking pattarns, IF
large sllp osours, the crack patbtern willl then tend
towards that of cracking remote from a relnforoing bar,
ia: the } controlisd pattern.
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Paulay® argued that the approach by Gergely and rutz"? was
unsatisfactory. However,; ScholzM found that the Gergely~
Lutz equation® correlates well when compared to measured
valuas from the tests by Tansl et all,

2.2.4 Bseby's suggestion of interaction

Beewy® found that the crack width and crack spacing
increased with the distance from the reinforcing bar
untll a constant value was reached, at which point both
the crack width and spaclng were dependent on the orack
helghe rather than the distance from the bar. Besby!é then
suggested that interaction between two basic cirack
patterns would lead to the final one.

(a) eracking distant frowm a reinforaing bar

The orack helght hp, controls the corack pattern and
iz assumed to almost ieach the Heutral axis (as
shown in Figure 2.2), A erack that ls further than
hy from an existing crack will not significantly
influence the e¢onerete tengile shrass botwean two
exlating adjacent cracks. Tharefore cracks will form
batwaan My and 2k, indicating an average of 1,5hg.
However, Beaby's tests'® indicated an average of
1,33hy. Hence tha crack width is dependent on crack
height and not the distance from the bar.

(b) ecracking directly over a reinforeing bhar

No slip theory suggests that wedge shaped oracks
ouour a8 a rasull of zere orack width at the
relnforaing bar., If the effective helght of tha
crack im ¢, ie. the distance betwaen the tensile
face and the reinforeing har (or the cover), the
fiean arack spacing is 1, %<, uging the same reagdonlhng

9



3 FROBLEM ASSESHSHANT AND DETATLED RPEEARCH AIMA
3,1 Appraisal of the aguations and mathods presented

Ag has baan shown in mactions 2,23.1 €o 2.3.3, the methods
for bhoth calculating and limiting crack width can vary
conglderably.

rar some time, rasaarchars have agread that the
incramantal steel stress approach ls fundamentally moxa
coyract than the flotitlous concreta tensile strass,
Bennati &nd chandrasgekhar™® summarisad the reasona why
when they noticaed that tha orack width was olosaly
ralatod to the strese in the steel after oracking which
ia largoly dapendent on the total area of steal, Tha
flotitious tensile struss i calsulated using the whola
saction ag if Iin an uncracked stata and hance Lt ls quite
insansitiva to tha total area of ghtesl pregent. This fact
was emphamized DLy Naaman and Siviaksorn® when thay
oconmparad the Fletitious tenaile sbrassas for single T,
doubla T, roctangular slab and hollow core sactlons. For
a limiting orack width of 0,2 mm ths stressas varied
hatwean 3 Mpa and 23 MPa,

gcholz! comparad various equations predicting orack width
to ths rasults from tha tests by Tansl st all, He found
that there was a large mcatbar of predictad cragk widtha
and suggasted that the equation frem ACY 2318-82% and
CANI=A23, 2=MB4Y parforms best (using his reduced values
ef k., mns In Table 2.2), Bgquations from tha rasearch by
suri and Dilger®, the CEB/FIP 1970 recommondations® and
tha hypothatical tonsion stress wethod of ¢p 1106V, BS
8110%, BABS 0100% and BE 5400% all ssomed to ovarestimate
the meoasurad orack widths, while tha aquations from the
CRB/FIP 1978 rocemmendationa®, op 110", BS B110%, sans
0100% and B8 54007 undereptimated,



noninal arack widith and type of prastrassad asteasl used,
This method has the advantage of baing sasy to use in
desgign, but Schols™ shows that the wvalues are
copnservative whon compared te the results from the tasts
by Tansi ot all.



- £, la the ficktltious conarete tensile strass

- A is the area of conerete in tension belew the
nautral axis.

- A, and A, arcas of unprestressed and prealrsssed
steel vespaectivaly '

Hig rasultes coxpare geasonably wall to thosa from tha
tasts by Panel at all,

2.3.8 Craok width oontrol by linmitation of stresses

Aa with equations pradicting crack width, crack contral
by limitation of shressas can be related to both the
incremental steel astross and the fletltious venarete
tannlle stress.

(1) crack width control by limitation of inaremantal
gtes) siroess

BrA 162-3968%

In the Swiss coda SIA 162-~3968%, crack contrel ls
achlaved by llmlting tha increase in streas in tha
prastrassed steal to 0,1f,, but not morae than

150 Mpa, In bridga deslgn this Inoresase is limited ko
0,061, hut not wmore than 150 MPa also.

{2) cradk width controld by limitatlon of the fistitious
conarate tanylle sbress.

er 1109, us 8110%, SAHS 0100%, BB Baoo®

The abova codas plage an upper limlt on the tonsila
ptrasses in the conorete by asleulating the fietitious

tonslila stress, assuming sh uneracked section. The
limiting etrosses viry with concrote grade, accoptable
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W Gyt ggor/Ae £2.24]

where!

- tq i= tha fictitious concrats tensile strain

- d, is the concrate cover to the centre of the
nearast bap

- A, is the area of consrete in tension around por bar
ng shown in Pigure 2.4

- ¢, and ¢, are variable according to the typa of steel
neareat the tensile face:

Tabla 4.8 Values of ¢ und ¢ for Moier and dergeliy™

Typa ¢f steel hearcot the tensile fago | ¢ &y

deformed bars 12 | 8,4

e D et a2 == ot e o == g o e

shyand 16 12 |

As wentlonad earlier, ineluding strand as unpraestresded
gteel in an oguatlon is usalesa bacuuse it is very rarely-
used in thils way.

{4) Schols!
Schels! proposoed an equatlon based on the CER/PLP 1978

recommandations® uging the hypothetiwal tensile stresa
glving tho orack width at the level of tha bkanalloe stealt

we 0, 00090, uj-h%w [2.28]
o Jriid

wherat
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- @ 18 the cover to the surface of the bar nearsst the
tengile face

- £y is the fictitious conoretse tensile stress

" k 18 a varisble depending on the type of
unprestressad stooal usad:

Tablie 2.7 Values of X for Bennett and Chandrasekhas®

Typae of unprestroosed stesl k (mmP/N)
e o
| deformed bars 435 x 10

strands ' 726 ¥ 10t

wire 1160 % 104

Thay gendlude that the values from the sgquation comparae
wall with thelr own deasurged values form thelr hesta on
partially prestrassad basma, but botter raesults are
obtainad from tholr syuation relating the erack width to
the incramental stesl abregs.

(3) Meler and Gargely®

Msiar and Gargely™ examined existing aquations for crack
width predistion., Thaoy preposed using the fletitious
tenuile stroms methed ever the inareomental stoel stroegss
mathod bacause thoy felt that thare was littla differoncs
in agouracy betwaon the two, while the fistitious tensile
stress mothod was easlost to caloulate. Thay put dorward
two aquations for caloulation of maximum orack width at
tho tenuile facad

W B 8y, [2,23)

and
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(1) Baeby and Taylor*

The following agquation for calculation of & design crack
width at tha tensile fave was proposed:

1'75‘f¢3 (-h" x)

5 [2.21]

W o

where:

- £y 1s the Fictitious consrete tensile stress
- h 1g the dapth of the sectien

- ¥ 18 the depth to tha neutral axis

- B, is the elastic modulus of the concrete

Bannatt and Chandrasekhar® note that the ecquation
parforms wall when compared 4o thelr results, but the
Inalusion of the neutral axle dapth, x, although logical,
removes soma of the simplicity of the hypothatical
tension stross method. They also state that the agquation
lodaes some acoupacy whan the oovayr is large.

{2) Bannett and Chandrasakhar®

In esddition te thelr sguation valating the orack width to
tha incremental stemsl straess in the prostrassed or
unprostraessed stae’l, Ronnatt and Chandrasskhar® snygested
the felleowing odquation uging the fictitious tensite

ptrass For enlovlatlon of maxdiwmum arack width at GLhe
gonorata tonsile Faco:

w e kel (2.32]

vhere:
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M\ 2.18
E“’l"‘xgxg("f) ¥ 18]

£ = 1 for high bond hars
2 for plain bars

£y = L for the first load or sustalned load
0,5 for a larde number of c¢ytles

and

Gy m a(c-r--i%) * 1131, -'g [2.10]

7 = 0,4 for high bond bhars
0,8 for plain burs

Ny = 0,25 for axial tenslon
0,125 for handing without axial force

gcholz® found the caleulated crack widbth to Ba comparable
with the valuas from the tests by Tansi ot alld

2,3,2 Bgquations wvalating the crack width to the
fistitlous sonprete tansile streas

Thig approach was oviglnally devised by Abales? and wos
promated By the research done by Basby et al¥. The
general form of the aguotions ig:

W -kcf‘w [2.20]
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(8) CEB/PIP 1970%

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

W= 0,001 (f,~40) [2.16]

wherae f, is the incremental gtress after decompression of
the aconorate At the level of the unprastireased steel. For
repetitive loads, the equation becomes:

w= 0,00LL, [2.16]

Scholz" comparad these sguations to the measuremants by
Tangl et al’ and found that they excesded the measutred
results. However, ha states that the resulte could
possibly be Acceptable for enginasring purposes.

(9) CEB/FIP 1978

This eguation ls an Improvement over tha one from tha
CEB/FIP 1970 recommendations® since it takes tha hond
characterigtics of the unprestréssed steal into account.

The suggested orack width at the lavel of the
unprestresged sheal il

W g8k (2.17)

where g, 18 the orack gpacing and
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As for the tests by Bennetk and cChandrasekhar®, the
usafulness of these tests ila also doubtful, for exactly
the same reaschs, Three series of beams were tested,
series 1 having pretengloned and unprestressad 5 mm
wiras, sarles 2 with posgt tensioned and unprestressed

8 mn wires and series 3 with pretensioned and
unprestragsed 8 mm "Dyform" strands. The proposed
egquation for maximum crack width is (+hey do not state
where tha cracke wera measursd on thair tést beans):

" kbfg# (}?'dg)

W R+ 0,254,

[2.14)

whare :

- £y is the inoremental steel stress in the
prastiregacd steal

- h is the overall depth of the saction

- d, is the depth to the centrold of the prestressed
agtanl

- 4 and A, are the areas of unprestraessed and
prastressed steel reapectively

- ¥, varies according to the typa of steel used:

Table 2.6 Values of k, for Bennett and Dave™

5 mn smdoth wires %,8 % 107

5 wn ruskted wiras 1,4 % 1g”

8 mm Dyform stwrand | 1,3 x 209
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probably not relevant for practiaal use hecause of the
uncommen typee of asteel used and the method of
prestressing, The proposed equatioh for caleulation of
maximum erack width at the tensile face is: '

we {kig,, * kde,) [2.13)

where:

~ g, 18 the incremental strain in the unprestressed
gtael after decompresaion of the concreta at the
level of the tendons

o Az, 1 the additional sgtrain in the unprestressed
steel occurring hatween déecompreassion of the
conerate at the tensile face and decompression at
the leval of the vendons

- ¢ 16 the minimum cover over the unprestressed staal

- k), and %, arae variables dapending on the type of
unprestresgad steel uged as ghown in Table 2.5

Table 2.5 Values of Xk and k, for Bennett anil

chandrasakhar™
Type of unprestressed stesl k| Xy
deformed bay 3,8 20
strand 3,8 | 20
| erimped wire 5,01 30

{7} Bannatt and pave"

A total of forty beans wera tested with diffarent
preatrasa and types of prestraessed and unhprestressed
staal.
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whare:

- M ig the service locad woment

- %, is the distance, measured from the neutral axis
to the point at which the strain, g,, le solight

- E, is the slastic modulus of tha concrete

- I, is the decond moment of area of tha cdracked
gaotlon

8cholz" concludes that when compared to the messuremante
by Tansi et al', the caloculated crack widths corralate
wall, giving results similay to ACI 318~83" and
CAN3-AZ23.3-M84". However, the calculation is somewhat
mora aliaborate,

{6} Bennett mnd Chandrasekhar®

Bennett and Chandrasekhar™ tested a series of twenty
beamns varying the covey, the type of unprestressed stesl,
ard tha prestress. Thoy found that deepeyr dover had an
adverase affedt an the orack width, that is, as ths cover
increased so &id the oragk width.

However, Bennett and Chandrasekhar™ used unusual steel
foy the unprestressed reinforeing. For example, as well
#8 using deformed bars which are in common use, threa
wire prestressging strande and crimped prestressing wire
ware Bged without prestress. These two types of stesl are
not commonly used in this way,; because they are mora
axpenigive than ordinary deformed bars. Hence the rasults
from thése tests ars of questiohable use. Thelr mathod of
pregtressing, post tensioned grouted wires, is also not
in comion usae. Poabt tensioned grouted elements usunally
aontain sevan wire strand which has botter bond gualities
and lg therefore more desirable.

Tholr proposed squation for predicting oragk width is

a2



la,, ey
& Cin (2.10]
12

Won

wherea:

- a, 1s the distance £rom the crack consideraed to the
nearest longitudinal bar

- B 18 the minimum cover to the tenszion stesl

- h ig tha depth of the section

- x 18 the depth to the neutral axis

84 the average strain at the lével under considexation,
allowing for tansion stiffening iz caloulated fiom:

B{h=x) (a'=2)
55, (Agha,) (A~X)

3m=31“

{2.11)

whare!

-~ b 1s tha width of the seation

- a’ ig tha distance from the compression face to the
point &t which the crack width is beilng calenlated

- d is the effective depth to the centroid of the
total area of teénsile steel

- B, 1&g the elastic modulus of the unprestressed stas)

- A, is tha arem of the unpresatressed steel

- As le the area of the prestreasad steal

and g,, the straln of the fully oracked section at the
level under consideration, is calculated from:

M .
8‘1 L 1&,&'&.1‘0, xn‘ {2.12]
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Pigure 4.1{(c} Sections of tLe tezt beams from saeries ¢ {pretenzioned strands and deformmed bars)
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Fiqure £.1(k) Sections of the test beams From series 3 (post fensioned unbonded strands and
deformed bars)
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Pigure 4£.1(2} Seckticms of the test beams from series A (post femsioned bonded strands and
deformed bars)
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Tzble 4.1 Beam properiies at the time of testing (continmed)

Beem | B(m) | h(m | & (m) | 4 (m) | A A | A o) | B o | £ oma
D2E2 161 305 274 228,5 226 74,84 107,4 £8,8
B3E i&ex 3310 - 228,06 b 149, 68 281, 9 46,7
B2E2 | - 1£9,68 s, % £3,4

Note: Beam B3#1 failed upon application of the prestress during manufacture
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¥able 4.1 Beam properties at the time of testing {continuedj

Beam | b (m) | h(m) | A om) | 4 () | A wd) | A () | B oMy | £, grea)
CiEL 160,5 302 273 - 452 - - 57,3
ciF2 161 a3 268 - 452 - - 57,5
C2F% 160 307,5 278 226,5 339 37,42 26,0 54,8
c2#F2 161 304 272 228 339 37,42 47,0 54,2
C3F1 161 309 271 226 226 74,84 99,5 41,0
Lo $a 361 308 278 225 | 226 74,84 81,3 £4,8
C4£3 161 309. - 224 - 149,68 176,85 45,1
cufz 160 309 - 225 - 149,68 181,2 £4,1
D1F1 161 367 266 229 339 37,42 £7,3 54,8
D1f2 160 304 278 228 339 37,42 27,0 54,5
D2#31 159 305 276 227 226 74,84 97,:}' 63,1
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Pable 4.1 Beam properties at the time of testing

Beaw | B (mm} | B(m) | o (mm) | 4 am) | & Gu?) | A, (m?) | B oo | £, (e
a1E 162 308 278 226 1 333 | 37,42 58,7 43,5
AlIE2 162 309 274 233 3382 37,42 85,8 £9 .9
AZFEL 166 303 268 227,.5 226 | 4,84 113,5 £9.5
A222 172 303 271 228,75 226 74 ,B& 98,3 43,5
A3EY 168,55 3031 - 229,25 - 149,68 166,7 2,5
A3En 173 302 — 230,25 - 149,68 158, 6 49,9.
B1if1 i7e,5 303 267 229 330 37,42 43,5 £9,9
Bif> ig64 303 267 226 339 I 37,42 54,5 | 50,0
B2F3 163 3!5!2 64 220 228 74,84 93,7 £9.9
B2E2 156 303 | 25; 225,55 226 74,84 S5, 0 50,0
B3f2 igl 309 - 237.5 - 149,68 ie¥,8 50,0
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4 DAAME USHD IN THHE RESEARCKH
4.1 Doalygn of Yeut Noumy

In total, 28 beams were manufucbured for testing In the
lahoratory and thay ranged from rainforced condrete beams
to fully prastrassed concorete beams.

our gerles of beams wers designed, eaeh series using
different typus of prestresced abeel, Berius A, B and 0
used 7,94 mm diametar seveh wire gtrand while series D
uged & mm dlameter sneoth wire. Serles A was poat
tenaioned and grouted, sories B was post tengloned and
ungrovtad whila serled ¢ and 3 ware pretonsloned.
companlon beams were providoel in ordor  thoat  groator
raliabllity sould bu obtuined Prom the yesults. ALl boans
ware degigned to have approwimately edqual ultimate
monesnts of reslastanca.

The beam sactlons wara ractangular, originally designed
to-ba Ja = 160 mm X h w 306 mm, with the prestresged steel
osentrold at & depth of d, » 224 mn and the unprastressed
sboal at ¢, = 265 mw. As may bo expested, variatlons
ccrurrad in the manufacturing procegs mainly dus to the
fact that tMa shutbtaring was not all exactly the sane.
These Almensions wore chosen bocause similar dimonsions
ware vaad by a nunber of rosearchexs, for eaxample, Tansi
ol wl”®, Dennett  and  Chimdrasekhar™  and  Bennotl
vanrasubraman lon®, Birferont seotiohy woere not {neluded
In the resevarch glnce Bennebt and Veurosubramandon®
gonoludod that they had no measutrable Influchae on crack
width, The hean propeelics at the time of toasting apc
ghowr 1n Pable 4,1, while thoe seetion drawvings ard shown
in IMlgurs 4.1(a) to Figure 4.1(d).
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control orack width and ls 4ih geheral use by many
practisihy design engineers due to its ilnelusion in tha
abavementloned ondes, It was also decided that the
eguation by Suri & Dilger™ should ha lmproved upon since
it is of very similar nature to the one found in

ACY 318-83" and CAN3-AZ3,3-M84Y,

The objective of this research would thus be:

(a) To devaslop a variable "eracking facter® based on the
percentage  coubination of  prestressed and
unprestiredded steel. Such a factor does not vet
axist,

(b}- To lnprove on existing cracking forwulae with regard
toe the influence of the type and application of
prastressing.

Boams wore chosen as the type of Flexural member to be
tested sinoe they are comman, particularly in bridge
desiygn whave partial prestressing haa found favour and
alao benanae thay wonld ba the ecasiest both to tast and
to manufactura,
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(3) Aricremantal steal stregs (ln the prestressed or
unpregtressed steel)

{4) the effective area of tensile contrete per bhar oxr
the area of conerete bhalow the nautral axis

(5) a variable '"cracking faotor® whose wvalue would
ha detarmined by thas peércentaga combination of
preghragsed and unprestreszsed steel used,

(8) a factor avccounting rfor tha type of prastrassed
steal used.

At this point, three ecuations appear to include tha
majority of these parametars:

(1) Acy 218-=83" and CAN3-A23,3-M84Y
(2) surl and Dilgex®
(3) Nawy & Huang® and Nawy & Chiang®

The fivet two aguutiona have the advantage of having a
wide range of suggested valuas for their cracking factors

and 8Soholz" has already focused on thely performances,

conparing theilr predicted crack widths to the measured
values from the tests by Tansi ot al¥. Ref B also
recommends both the aquations by Nawy & Haang® and Nawy
& Chimng® and thome found in cp 110, BS 8110%, SABS
0100% and BS 5400%. As commentad on hefora, the British
codes' approach requiras much more effort in caleulating
éradk width than the majority of other aguations and
hence is probabily avoldad by tha majority of design
engineers. The squations by Nawy & Huang® and Nawy &
Chiang” ara more than likaly not particularly well known
amonyg practising englneers sinca they deo not appear in
any codes of practice. '

Tharefore it was deelded to fowus on the davelopment of
the equation found in A¢r 318-83"% and CAN3-A23,3-MB4Y
since 1t ocontaing the most important parameters that
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both the prestressed and unprestiessed gbeasl
pragent

{4) obviously scatter can arisa from normal
axporimental errvor and differances in workmanship
between various tests

(5) some researchers, for example suri & pilger®® and
Meler & Gergely®, based their work on a range of
different tasts, done by different rasearchers over
a numbar of years. It would be praeferable if
variable factors asuch as thay have suggeshed could
be derived from tests parformed ad one time, that
would ba subject to the same controlling conditions
during nahufadture and “estlng,

3,2 Dabtailed Adns of the Raeassarch

Mie to the wide spactrum of sguations and resommendationa
found in the various codes of practids and previous
regaarch, there appears to be no method at piesant that
can be donsldarad exactly corraot. Raf § noted Bachmann's
suggastion of replacing values ocalculated by these
aguations by sound datalling of the unprestressed steal,
However, in certain casés like partloularly corrosive
anvire manteg, or whare large cracks coulid have s harmful
affact on finlshes, it iz obvious that there is a need
for caloulating crack width in szome way.

From the research disousged in sedtions 2.2.1 to 2.2.4,
one can conclude that the ldeal edquatien for predicting
crack width should contain all tha major sontrolling
paramestong:

(i) sovar
{2) total steel araea
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For example, they found that under £ull live load, the
pradictad crack width by Bennett and Veerasubramanlan® is
about elght times the value from Nawy and Pontyondy® and
move than three times that given by the eguations of Nawy
snd Huang? and the son repsetitive load eguatiin of the
CEB/FIP 1970 recommendations™. The results given by the
repatitive load equation of the CEB/FIP 1970
recommendations® and the equations of Gergely & Lutz?,
Berinett & Chandrasekhar® and +the CEB/FIP 1978
racsommendations® were guite similay, although higher tlan
tha rasults of Nawy & Huang®. This large scatber of
rasults can possibly be attributed to the following:

(1) some of tha researcharsg, for example Benneti &
Chandragekharx™ and bennett & Daved, used
unprastressed steel) and types of prestreseing that
are not in common usa. For axample it ls doubirful
whether the results from beams with post tengioned
grouted wires can be aytended to othay types of
pregtressing, dua to different bond charactaristics

(2} s=omic of the aquations, like those by Bennatt &
Ghandrasekhar® and Bennett & Veerasubramanlan® do
not include the area if steesl, which influences the
steel stress which in turn is ona of the controlling
factors of the crack width

(3) some of the aguakions only consider tha
charactaristics of the unprestressed gteal. While it
plays a major part in distributing cracks and
governing theiyr width, the characteristics of hoth
the prestressed and unprastressed steel st be
taken inbte acoount, as obsarved by Bannett &
chandrasekhar® and Surd & Dilgax™. Haence the
idaal eguation for predioting arack width should
include & variable that accounts for the type of
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Naaman and Siriaksorn' compared the values of crack width
given by various edquations for a hypothetical 1 section
{Figure 3.1{a)). They plotted the results as shown in
Figure 3,1({(b) and it can be seen that there are large
differences depending on the eguation used,
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then ¢grouted, with serles B being left ungrouvted. The
length of each gide of the baams were maessured as four the
protensioned heams, in order that the prestress would be
known at the time of the tast.

4.3.3 streasing of the steal

Using the load-extension cuxves from Figure 4.2 that had
bazn supplied by the manufacturers, the required
extension was found that corresponded 6 the daesired
lond., Fach gtrand way stressed to 0,8£, In order to
compensute the less of anchorage slip, bubt in some cases
the stress was more than 0,8£,, while in other cases it
wag loess. When the 5 wm diamebar wires ware being
gtressad, the wire was simply inserted inte the jack; and
once stressing wasg finlshed, the Jack automatically
Wloukad offM or anchorad the stesl with the barrvels and
wedges, Due te tha 7,94 wn diameter strand not belng a
cotmon  alze in South Afrlea, thare woara hoe  "jawah
avallable for Conoor's typa of Jack. Thovafora, the
strand was inserted through the jask and & barrel and
waddge was placed at the back of i, once the strassing
wag finished, the steel was anchored "manually® by
hawmaring a plece near tha front of tha jack, which in
turn pushed the wedyes Firmly in t¢ the barvel.

The prastresses in the tast baaws at the timve of testing
are ahown in Tabla 4.1 above,
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4.3.1 Manufaoture of the prstensioned beans

Tha pretensionsd beams wara manufactured singly ih an 8,1
m bed. Bach wire or strand was strassed meparataly to the
raquired extansion (caloulated using the stress-sztraih
curves of Figure 4.2), and was anchored by barrels and
wadges which buttad against steal anchoradge plates at
althar end of the bed. The concrate was then poured and
compactad with poker wvibrators, along with thres 150 mm
cubes par heam. The concreta was stazm curad, whiloh
graatly reducas ouring time, and onee it had gained
pufficient comprasaive styength the prestressed stssl was
cut, ao that the anshorages ware raleased, Onge the stael
had boen cut, hance transferring the prestress to the
bamm, tha langbth of tha bhean was nmeasuied at the lavel of
the centroid of the prastressing steel , Thie would anable
the prestress forece at tha tima of the test o be
determinad acourately, using the assumption that any
change in the length of tha beam would corraespond axactly
to a changa in length in the mtaal,

4.3.2 Manufaotuxs of the poat tanmioriad heans

The post tensionad bsams ware nanufactured in threa
batohas of four beans sach, Onee tha unprestressed atgel
and the duct positioning had been checked, the concrets
was pourad and compactad with poker vibrators, ss for the
pratensionaed haams, along with three 150 mm oubes. The
beama wera cured valng conventlonal) methods, Tha dust waa
standard mild steel ducking and ls used in nost post
tensioned anplications, Onde the conoreta had galned
gufficient strength, the baams were lifted from thedr
shybtara and streassd., EBach strand was tunaioned
saparataely to tha roquired extension, and was anchored by
barrals and wedges beoaring mgalpst 10 mm thick steal
platas bubting againet the and of the baams, Serlas A was
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Table 4.4 Values of sube strength and modulus of
elasgtioity (continued)

 Bean £o (MPa) E, (GPa) | By (GBa)
pL2 54,5 48,5 38,3
p2#1 63,1 52,4 46,6
D2#2 48,8 46,0 33,7
D3#L 46,7 45,0 33,0
D32 43,4 43,5 az,0

Nota: X, denotas the valua of alastisz modulus salculated
by aguation [3.1) as found in propartiss of Aggragatas in
Concrate (Part 1j%, while 2, denotes the valua as found
in Table 1 of cp 110",

4,2.3 Duoting

Tha duckting was manufsacturaed from 0,45 min thisk mild
steel by Armce Superlite and is used in most post
tansienad applications, Throm dlameters wera usad: 40 wm
(baam type 1}, 60 mn (beam type 2) and 80 mm {beam type
.,

4,5 Hanufagture of the Beans

All 28 heuns vars menufactured in a precast yard. It was
dacided to manufacture two beams of aach typa in oxdex
that graatar rallability could he obtainaed frow the test
ragulta, Two extra fully prestrossad boams from Seiles b
wara manufacturad sirce thera was sxosssive slip duing
testing of tha filrst two of that typa.
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TPable 4.4 Valiues of concreta dube strangth and modulus
of slastiocity

Hean Lo (MPa) | Ey (GPa) Eg {GPa)
— — ———

Taadz 49,9 1 .46;5 ) si;o
netl | 49,8 26,3 33,9

C Auge 49,5 46,3 33,8
A3#L 45,5 46,3 33,9
as#2 | 49,9 " 46,5 Y
BLFL 49,9 T 465 | 340
B1#2 50, 46,8 44,0
B2#L 50,0 48,8 34,0
B2§2 | so,o" T 46,5 | 34,0
B 50,0 46,5 14,0

 page 50,0 46,5 14,0
il 57,5 48,5 '35,1
c1#2 57,5 T e8| as8
czfL 84,8 48,7 35,0
ca#z 54,1 48,4 YRS
cafy a0 | 42,1 11,3
ca#2 A4,8 44,2 32,4
AR 44,1 43,8 a2,
cafa 44,4 44,0 32,3
D1I#L 54,8 4a8,% 15,0
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ba determined otheérwisa. Two options wera available:

{1} Use of the formula

from Properties of Agyregates in Concrate
(Part 1)%, This formila is a result of ressarch
parformed on Bouth African aggregates,

(2) Tabla 1 of &P 1.2V

fha elastie moduli from hoth sources were used in this
galoulation for cohparativa purposes, and it was found
that thetre was very littlas difference in the resulting
caloulated neutral axds depth and hanoce tha values of tha
ineremental asteel stress, £, or I, and thae values of k.
It was subsequently decided that the alastlc modulus as
caloulated Py refersnca 40 would he most applicable to
south African conditions. However, a designer isg more
likely to use Table i of CP 110", and this is acceptable
since there would ba no narked diffarence in tha values
of neutral axls obtalned, As shall be shown in section
6.2.3, the experimental valua of the conorets alastlc
medulug is not essantial for caloulation of the neutral
axig depth, the incremental stesl stress or the cracking
tactor, k,, in thiz investigation,
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4.2.2 Concrate

The concrstae compressive strength used in the original
design was 40 MPa at 28 days, which énabled tha beams to
ba anfely prestressed without the risk of and zone
failure. The conegrete mix used in the test beams is shown
in Table 4.3,

Table 4.2 Mix proveortions for 1 m® of concrete

Component Quantity

cement . (OPC) 360 kg

agnd. | _Bii.kg.

gtone B 1258 ké

water |17 ¢
superplasticizer |1 4/n cﬁncrete.

This resultad in a cement:watexr ratio of 2,63. The cement
used wag OPC while the gtone was 9,6 mm Sterkfontein
 dolomite. The characteristic cube strength, f,, for each
beam was determined by crushing the thres 150 mm cubes
that ware supplled with each beam. Exzch cube was kept in
a curing tank and was then tested In a wet condition,
uging a loading rate of 1% MPa/minute, as specified by
SABS 0100Y, The charactoristic cube strengths for each
beam are shown in Table 4.1, which showa the bean
properties at the time of testing.

The elastic modulus of vonovete, B, could ke uged Lo
detarmine the neutral axls (and hence the incremantal
gteel stress and the cracking factor, k. in the test
baams by caleulatlon. Unfortunately ne prisme wera cast
and hence the elastic modulus of the conerete, E,, had to
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choosing thig diameter are that the beams would then
correspond with other research, for eaxample Tansi et
al¥ and Bennett & Chandrasekhar® and Bennett &
Veerasubramanian®, while it gave the degired "step
up* in prestress from the partially prestressed beam
with lowest prestress to che next beam up and
finally to the fully prestressad beam.

- stress relieved 5 mw diameter smooth wire

Their properties are shown below inh Table 4.2, while
typleal strags-strain curves are shown below ih Flgure
4.3 and Fligure 4.,4. The ramaining stress-strain ou ves
may be found Iin Appendixr A. Note that the mwodulus of
elagticity for all three types of steel ig an average
value from three dlfferent specimens, hence the thiee
stresg-=strain curves for the unprestraessed - staal.
Howaver, only one curve appears for the twoe types of
prestregsed steel since the mandfacture¥r had already
averaged the results from the three gspeuimens,

Table 4.2 Properties of prastressed and unprestressad

gteel.
Type of steal £ or L, B,
_ (MPa) (GPa)
7,94 mn Alameter 7 wire strand 2000 194
5 mim dlametar smooth wire 1822 204,8
12 mm diameter high yleld 477 210,9
deformed bar
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The beams gpanned 3,3 m and had 200 mm overnanygs past the
gentrelines of the supports in order that the
pretensioned members had sufficient transmission length
t6 develop the reyuired prestress in the beams, Shear
reinforcing . can initlate cracking in a relnforced
concrete membey, and hence the test beams wWere loaded
with two point loads siltuated 200 wmm apart and 1250 mm
from the centrelines of the respective supports. This
loading arrangement provided a pure moment region in the
BO¢ mm distance between the two polnt loads and therefore
required no links. ALl the crack width measurements were
made in this reglon. A schematic diagram of a typlcal
test getup is shown below in Flgure 4.2.
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Figure 4.2 Schematic¢ diagram of a typical test smetup
4,2 Materisnls
4:.2:1 Tansile steel

The unprestressed steel was high yield deformed hars,
while two types of prestressed stael vere used:

- noxual relaxatlon 7,94 mm diameter seven wire
strand. Although this dlameter of strand is not
readlly available in Ssouth  frieca, it is
manufactured for axport markets. The reasons fox
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Pigure 4.1(d) Sections of the test beams from series D (pretensioned wires and deformed bars)




(4)

buring the elastic rahnge of the beams babaviour,
tha cantral load incramant was 10 kN, with demec
and daflaction readings belng taken for avery
increment., Once the beam had entersd the plastic
raglion, it was loaded in inorements of 5
deflection with the corresponding load baing noted.
No demec readings were taken at thase loads since
they wera out of the servicaeability range. Tha baamsg
wvera loaded to a maxinum dafleation of &0 mm, since
this was the maximum extension of tha jask. Some
beamg failed prior te the maximum de lection and
hance the ultimate load was known, but for the hoama
that hadn't failed at ox befora 50 wn defieation, it
wag obvious that the fallure load had been alope,
ingpecting thd resvlting load-deflection ourves,
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(2)

(3)

aftar tha test. Henge initlal readings were also
taken from the Huggenborger unit., The indtial
position of the prastressed steel was marked in
ordar that slip <¢ould ha monitoraed, usually by
puttdng a mark 100 nm from tho end of the beam on
the staal.

The Jjack was pumpad up in ineremants of 10XN, using
the digita) reading (which approximately transloataed
to 5 kN st each load peoint on the baam). Tha load
was than lafi to settle for approximately a minuta.
This whs nocegsary bhacause some of the hydraulic
fluld would f£low backwards frowm tha Jack, back to
the punp hensa raleasing some of ths hydraulis
pressure and therefore reducing the appliad load.
Thig ls tha opposite to what would happen to an
glemant in real struectured, la. tha load would remain
constant while the alemant would crasp. The twe load
g&ll readings for asoh load point wara than takaen.
A chock was mada for slip of the prestressocd steal
by measuring the 100 mn distatioe that had lboen
markad on the prestressaed staal hoefore tha test and
chacking that it had ramainad constant, Daflaction
and demes readings wera subseaguantly taken, Since
thare waere six reglons of demec targabts, amch with
povan Yoadihgs to be made, 42 rondings pexr load
incrament woro mado, During the tima of taking the
danas raadings, the load was maintalnod ot a
constant valua.

Tha coraske in the central pura moment ragien ware
£hon markad on the sido of the boam, A mark wap thon
drawh ol tho top of the sracsk attar sach lndromont
indleating the load at whieh the ornek had attained
that partiouler holght,
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cylinder and the mark on the héam (see Plgure 5.2). The
baams ware chacked to be approximately caentrally placad
in the transverse directlon, hetwesn the two metz of -
opposing angles of aeach solumn.

Onoe the test beam had been satisfactorily placed in
pogition, tha loading system was conhacted up. The two
steal half® aylinders wore placed at the load polnts, 8060
nm apart and 1250 mi from aach support. The two threaded
roda were then hald vertically and tha bar wasz placad on
top with tha two threaded rods passing through ths holes
drilled in pach of its ends. A nuk was thon threadad on
to sach of the yods, holding the whola system togather,

Whan the loading system had basn succassfully connactad,
it was then brought in to position for the test. The
stasl plate orn top of the Jack and the central lead aell
wag almost brought into cohtact with the hasd of the
column that provided the reaction point. This waa done by
tightening the nuta on tha rodsg, henca 1ifting tha whola
eystem. Whlle doing this, both tha primary steal heam and
tha two secofidary ones wera chacked to bae perfactly
lsval, Once this procedurs had besen perfoymed, the hean
was veady for tasting,

5.2 Tast ¥rocadiye

The besams ware subjected o short term test, sach tast
taking approximataly 3% to 4 hoursa o parform. fThe
procedura todk place as follows:

{1} At zero load, initial Sefleaction and dswec readings
wara btaken. Tha central lead reading was dlsplayed
in kN while tha veading obtained fron tha
Huggenbargar unit for tlie other two load valls was
glven In divisiong and had to ha convorted inte ki
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22 2)

21 digital readout
22 Hugyanbergex davicae

rigura 5,7 Rendoubts fo¥ appliied loads
5.1.4 petting the equipment up ‘

ALl of tha tost beams were supplied with two Lifting
pointe, each sltuated on top of the beam at the position
of the dantraline of tha aupport. A ¢rane lowsisd thae
baams In batwasn the two gets of opposing angles of each
golumn, tha cantraline of tha bomm beiny approxinabely
linad up with the canbtrelina of tha vantre column. The
santralines wera than lined up exactly, by pushing tha
beam in uhe required divection, using the rolling astion
of the Jednts. The supports were then tappsed into place,
Liningy up the oenvraline markad on the steel half
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onh the two jolnts cornecting the prlmary steal beanm and
the two secondary steel beams of the loading system (gee
Figure 5.6 overleaf). Also shown is the jack (18) and the
tube containing the hydeaulle £luid coming Lxom the pump.
The cantral load cell was connected te a digital read-ut
{21} while the other two were connected to a Huggenberg s
dovice (22), enabling both readings to be taken off ono
daevice (ses FPigura 5.7 overleal).

: h’fihﬁfﬁ-aﬁﬁllllﬂ:u_J“
& 2

9 oentral column hoad
16 primary load cell
17 secondary load call
18 jaek

19 tuba from the pump

Figure 5.6 Load aells
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5,1.3 Pguipment used flor messuramsnt of the data
Only threa paranetars ware maiasured:

« gofioreta stralng
w daflagtion
- applied load

Tha slip of the prestreesed stesl was also monitored
although no meaguranents were racorded sincs in genaral,
once the prestyressad stael had slipped; the beam antared
the plastlo reglion ¢f behaviour a short time afterwards.

(1) concrete shkralns

The concreta atraing were messured with a 203 mm (8")
demountable demeo gauga. Six reglions wara moeasurad on the
sidas of tha baams, threa on the front and three on tha
back, These six reglons ensured that at least ona grack
sould be measured on each sida (1f the baam cracked). The
baams wars marked and demec targets were glued on at 10
win, 40 mm, 90 mm, 200 mm, 224 mm and 275 mm from the top
edye of the haeam for the beame in sseries A and B, Ii

gories € and D, the strains were noasured at 10 mm, 40
mm, 90 mm, 164 mm, 200 wm, 224 mm and 265 mn from the top
adge of the heam. The strains ars listed in Appondix ¢,

(2) Deflection
Deflection was simply measured at each lead incrafient at
nidepan by a 50 ma dlal gauge, Readings were taken to two
decimal places.

{3} Applied load

Load cells were positioned oh top of the jack (16), and

63



This facsilitated setting the system up for a tesé, as
shall he desoyibed in dection 5.1.4, Bach of tha
sacondaty beams (11} had two threaded rods (1)) corneotnd
to bhen, Thase rods transmitited the applicd force Lo a
bar (14} which then transforred tie load Lo a steal half
aylinder (15), which in turn applied the load to the test
baam (2) ag shown in Flgure 5.5, The eéxtension of the
jack was applied by hydraulic pressurs from the pump.

2 Lept beam

13 thrasdod pod

14 bar

18 abagl half eylindex

Pigure 5.5 Transmission of forsa to tha test bean
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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 (10) downwards. The downward action of the primary
steel beam pulls the whole upper assenbly down and henca
puts load on the test beam. The two secdondary steel beams
(11) wexe each connected to the primary steel beam by a
joint (12) that allowad the beams to move bagk and forth
along their longitudinal axes (also see Figurs 5.4).

L3

b
K a_‘}” . ‘w

10 primary steel beanm
11 secondary steel beam
12 joint

Rigure 5.4 Primary and secondary steel beams
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5.4.2 Loading systen

The loading system, was possibly the most complieated
companant of the test equipment. Figure 5.3 showe the
assembled system as used in the tests.

9 gentral column hoad 13 thrcaded wrodo

10 priwmaxy stoal boan 14 bar

11 secondary sboel boum 15 steal bhalf cylinder
12 YJolnt

riguie 5.3 hoading systom
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6 flat plates
7 half cylinder
8 roller bearings

Pigure 5.2 Roller support
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coluinn assemnbly
test baam

column base

steal angle sectlon
golumn head

flat plates

gteal half eylindexn
rollaer bearings
gantral ¢olumn head
10 Primary steel baanm

2 0~ o m oS W NP

11
12
13
14
15
1ls
17
18
19
20

sacondary stesl heanm
joint

threaded rods

bar

steel half cylinder
primary load céll
gacondary lead cell
jack

tube fiom the pump
punp

Figure 5.1 Test setup and loadihg arrangement
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5 TEST PROGRAMME

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

5.1 Test Bquipment

211 the beams were simply supported on a 3,3 m gpan and
were loadaed by two polnt loads 800 wm apart and 1250 nmn
from tha centreline of asach support, as depicted in
Figure 5.1 overleaf.

5.1.1 Supports

The column assenbly (1) provided support for the test
baam (2) 200 wm £xom eilther end. Figure 5.1 shows that
the column consisted of a base (3} placed on the floory,
with four stesl angle sections (4) welded vertically to
each corner. Another steel member, referred o as the
heéad (8), was then bolted at each of lts corners to the
angle sections. It was adjustable up and down since the
antle members had holes drilled at approxisately 75 mm
dentres along thair whole length. The head then had a
roller joint placed on top of it; on which the beam
rested. The roller joint donsisted of two flat plates (6)
with a steel half oylinder oh top, as shown in Figure 5,2
overleaf. Batween the plates werse rollar bearings (8),
providing the yolling action that was required from the
suppert,
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The value of tha affedtive prestress at the
tima of tasting was known, henoa:

Ty By = ' = B, {6.8)
4 Epliy ¥ Bpgling « I'» B, [6.7)]
N B ER, b CaglRng ™ T P, [6.8)

From tha Xnown strain distribution shewn in
Pigura 6.8 below, uping sinllar triangles, o
valationship batwsen ¢he sgtraln In' the
preatroeasod astasl and the astrain in  the
unprasiressad stasl could ha Found:

Cps * £ (i:i] [6.5)

Hence tha incremantal strain in  tha
unprestrassed stasl ¢ould be found:

. T =B, N

fa ™ dox [6,10)
t e} L4
Behy + Epetpe (5]

The stress in tho unprostruasad steol and both
the strain ahd the ptross in the prestrassad
ptaal could than ba found by simples back
substitution, A ochock to ansura that the
rosulting inorvemontal stoel strain was in tha
slagtlie roglon of {he steal streds-gtyain



straine maasured in tha test and the known stresy-
strain proparties of <tha prestresged ahd
unprestrassad steel, Tansi et al also show that a
line of best f£it can be plotted through the astrains
maasured in the tests. Thée caloulation procoaded as
followst

1.  Flret, the neutral axis depth was inbterpolatad
from the conorate asbraln measurements in tha
sompraassiva and unaracked tensila zoras, using
lincay ragregsion. Bannebt and chandrasekhard
uge only the atralns ln the cowmpressive zone,
but whan straine in the unaracked tensgils zona
wara alsoe included (as suggestaed by Tansi et
al¥), i& was found that tha corralation
coafficiant would be aloger to 1.

2, tUsing moment equilibrium at the serviceabllity
1imit state, the exbernal moment was sguabad
to tha total foree exertaed by the tensile
steal, multiplied by the levar arm from thea
cantrold of the conoreta compression hlask to
tha cantreld of tha total area of tensila
gtaal, as shown balew, in aguation [8.4]1%

M= {d=0, 45 [6.4]

This enablad the tenslle force exerted by the
total area of tensile steel to ba chialned.

3. The tanalla foree axerted by tha total area of
tenalla stegl was then ex¥presscd as halow:

T, kD, b B, [6.5)
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In ordar to ocaloenlate the crack widths, the strain at
point A on the osurve was subtracsted from the strain
corresponding to the service momont, Sinoe stiain is the
changs in length divided by the original length, tha
crack widih was found by multiplying the change in strain
by the orlginal length of the demae gauge, 203 tm. Tha
measured strains may be found in Appendin €.

6.2.3 Datermination of the neutral axis depth, x, and
the incremental ateel stress, I, or I,

Tha neutval axis depth is neaded to caloulate tha
inaremontal stoel strees, wither £, or I, for both the
eguations by Swri and Dilgery and the squation found in
ACL 318~83" and CAN3-AZD.3-MB4®, It lz also nesded

in the eguation by duri and Dilger®® in oxder that A, the
area of oonoreta halow the neubtral axis may bs
caloulatad,

surl & Dilger® noted that stesl stresses could not be
‘obtainad from straln mneasvremants, either hy using
alectrical atraln gauges on the steal ftself, or by
membar surfacs strain meaguramants in the eracked teanaslla
zone bucause of tha large longltudinal variation of
stress in the vicinlty of the cracks, The depth of tha
neutral axis and hendae the incremental steel streas could
then be caleulated using twe different mathods:

{1) Experlmental detarminabion of the neutral awis dapth
ang incremental stoel stress

Bannatt & Vaerasubramanian®, Bannebl &
Chandrasekhax® and Bennett & Dave’ stata that tha
nautral axle dapth and hence the insramantal stesl
strosg enn bo obtained from a oracked sasction
analyals at sorvioe, using the conareta conprassivae
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moment

goncrata tensile strain

Pigure 3.7 Typieal curve of conorate Ltensile straln vs.
applied momént

Tha plotted strain refers to tha strain measured at the
dapth of the unprestredsed steal for the reinforced and
partially prestressad concrate baamsfund ak tha laval of
tha prestressad steel for the fully prestressed baams.
Z2ero applisd moment corrssponded to zero tensila strain
over and abova the polnt of decompregsion at the bottom
extrame oonurete f£ibra, As the moment inoreased, the
tenalle atrain incnwased up to point A, wherse M,, the
moment of first cracking had basn reached and oracking
had ocouraed. Usually %*ha corack pattern would hava
ektablished itsalf fully &t this point. Tha tensila
stralin would then caryy on increasing at a faster rats,
aftexr oracking at polnt A, Sometimes when tha orack
pattern had not established itaslf fully after eracking
firet ocoured at point A, naw oracke would than form
again, indicated by point B and corregponulng 6 tha
sacond aracking moment, M,, in Figure 6.7.
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the load Factor wag taken as L,5, that ig, an average of
the factoirs found in load case (1) of clause 2.3.3.1 of
¢p 110", It was then declded t6 look at the load factors
that other researchers had used, and it was found that
they varied between 1,4 and 2,5, the majority of thew
baing iwn the range 1,4 to 2,0, Tharefore a factor of 1,5
sashod reasomable and it was avantually used, sineca it
gave a service momant that was approximately 80% of the
maximun alastic noment in most of the beams. However, in
gome heawe tha sama load factor would ¢ive a service
momant that wes a smaller parcentaga of thé maximum
elaptla momant and often the resulting values off k, would
ba unacgeptable diue to the low wvaluesd of inocramental
gtuel stresa. Henga the service moment would then be
incysased to approximataly 80% of tha maximum elastic
moment. As way be saeh from the momant~deflectlon curves
in Appandix B, some of thé beams have a sarvice momant
greatar than 80% of the maximum alastic memant, using a
load factor of 1,8

B.2.2 bDeteymination of orack width from £he danes
gauge readings

The recorded demes readings had to be cohverted %o
concrate strains, Mor ench seriass, tha inltial denmec
reading, corragponding to zere applled moment, was
subtragted from the moment corresponding to aach
increment. This value was then multiplied by the demec
gauge factor (the value of strain par division). For each
beam, a ¢raph of concrete tensils strain ve applied
momant was plottad, a typlical curve being shown ln Figure
&.7.
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Pigure 6.6 Caloulation of applied moment

M 0,780, +0,47W, [6.4)
M, = 0,625, + 0,625H, [6.2]
My = 0,470 + 0,78H, [6.3)

A moment-deflectlon cuxve was then plotted. As 1lready
mantlionad in saction §.2, some of the beams dir ot fail
bafore of at the maximum jack axtenslon of 50mm. When the
moment~deflection ourves ware inspected, it could ke geen
that those beans wera veéry olose té fallurs, and
therefore it was assumed that the maxinum memant on the
ourve was approximately the ultimate moment. (The momant-
deflaction curvas may be found in Appendix B). The
pa¥vica moment could then be determlned by dividing the
ultimate mament by an appropriate load factor, Initially,
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- determnination of k,
w analysis of the values of k,

8.2.1 patermination of the seprvice moment

Having obtained xeadings in divisions from the
Huggenbargar unit for the two load cells below the
loading points, it was nacessary to calculate the load in
kN. Thiz was easily done by subtracting the initial
readings from tha readings for each load increment, and
then dlviding by tha cell faotor (the number of divisions
per kN). The valua of each point load on the baam was
then known and the momant oould subsequently be
caloulated, The polnt loads wera not exactly ths same
valua, however, W, belng greater than W,, and hence the
banding mements ware caloulated thus:
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The behaviour of thae relevant test baams from series B
agraed with this Ytheory, orack widths of 1,6 mm at the
parvice load heing obtained in the fully prestressad
beam. This bheanm enterad the plastle regilon of the momant
~deflection ourvae (as may be zaan in Appendix B) long
pafore the corresponding fully prestresged beams from
sarias A, © and D and failed well below its calculated
ultimate momart. This ig becausa at the saction where the
large crack forms, the nautral axis moves up rapidly due
o the rapldly increaging crack width and orack heights,
henca making +the conerete fall in compression. In
prastrassad doncrete structures, orack widths of up to
0,4 %m are thopught to be safe’, These tasts wvlearly
demonatrate that oracking at saervice should not ba
allowed for urbondad solutions with little or no bondad
steal and hence the resulbs frofi Beaiw B3#2 hava been
omitted for this reason and also since no practical value
of %k, would havé bean obtainead,

The results from heama A2#2, A3#L, C4F1, DI#2, D3¥Ll and
Di#2 have baan omitted sinca axoesslvely large crack
widths and hence values of k, ware obtainsd. Thase baams
have baan dlscusssd in section 6.2.4,

6.2 Procagsing the Tast Data

As alraady mentioned, tha aim of this research was to
develop values for the variable cracking factors, k,, as
found in ACI 318-83"%, CAN3-;23.3-M84" and in tha equation
by suri and Dilgex®, The processing of the data can be
divided into five seotions:

- detarmination of the service momant:

= detarmination of the crack widths

- datarmination of the the noutral axls depth, x, and
the ineremental steel astress, [, or £,
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When a pragtressed concrete beatn cracks, hoth the steel
and the concrote carry the teéenslle stress at a cerack.
With fully prestressed post tensiohed unbonded beans that
gontain no unprestressad steel, a small number of large
eracks will form. This is because the unbonded
pragtrassed steel is not in contact with the concrete and
it is only the anchorages that transfer the prestress to
the conarete, Therefore, whun a arack formg; the unbonded
pregtressed stael elongates along its full length in
order to carry the tensile strass over the crack. The
erack will then open wider instesd of new cracks Beihy
formed, This c¢rack patlern can also be seen in a
partlally prestressed post Lténsionad unbonded bean that
contalng a low percentate of unprostressed steel, as
shown in Pigure 6.2, Pigure 6.5 below shows the pattern
for a fully prestressed unbonded beam. In a beam with
bonded prestressed stesl, the steel can only fully
elongate close to the erack, hsnce keeping tha orack
width small, but leading to a pattern of numerous cracks.

Pigure 6.5 Crack patbtern ¢f the fully prastressed baan
from serles B (poat tensioniad unbonded
atyands)
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Figure 6.3 Typlenl drack pattern of series ¢
{pretansionad strands)
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Flgure §.4 Typical erack pattern of series D
{pretensioned wiraes)
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wigure 6.5 Wyploal '‘orack pattern of saries A (post
tansioned bonded stranda)

Plgure 6,2 Typical arack pattern of saerlas 1 {post
teneioned unbonded stranda)
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6 TRET RESULTH

Most of the results obtained from tha laboratory tests
wera acceptable for the purpose of this inveshigation
with exception of a few beams as shall be discussed
later.

6.1 Observed Heam Behaviour

All crack widthe were medsured wlthin the pure flekure
region betwaen the two point loads. A few cracks would
appeay initially, once tha aracking mement, M., had been
reached, and then more would appear usually during the
following load increment., fTha cracking patbern
established itself quickly, with a few additional cracks
eonetimes forming at high overload in some of tha beans.
It is interesting to note the difference in orack
patterns between the various types of beams& as showh in
Figures 6.1 to 6.4. The beans shown are the corresponding
ohes from each series, ie. they all have similar
prestress and Wltimate moments of resistance, but ave of
different prestraese typa.

Tt tan be seen that the beams from the bonded series A,
¢ and D digplay similar crack spacings, ie, approximataly
eight aracks appear betwesn the two peint loads, while in
the unbonded beam from series B, only five cracka ara
prasent, all of larder widith than in the beams of serles
A, C mnd D.
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7 EVALUATION OF THST RESULTS
7.1 Analysis of the wvalues of k,

on  inspeoting the wvalues of k, obtained from tha
aforementionaed caleulations, it was guite obvious that
soma of the values were of dublous naturse, and should be
ignered, Elimination by mera inspsction was acceptabls
for obvious outllera, but with other wvalues, it hecana
mora adlfficult to salast the wvalues that should be
dlgcardad, Hance it was declded that the average crack
width should ba used to caldulate k,. Thim approach gave
aceeptabla rasults since, bacansa of tha variabla natura
of gracks, some oracks would be small and some would ba
large and hanca such results would not affect tha averays
to a largs axtsant.

The wvalues of k, as determinad from the axperimantal
conareta straling obtained from the test baams are listed
balew in Table 7.1

7.2 Prosantatioy of thes Teast Resulta

Praviously, suggested cracking factors for tha eguatlons
in ACT 218-83"% and CAN2-A22.2«M84" and by Suri and
bllger®, only took the combination of prestressed and
unprestressed steal into socount, Howaver, on inapaction
of the test results, it was claar that a relationship
oxistad between X, and the amount of prestress, Hence the
amount of prastrsss had to be quantified in soma manner.

7.2,1 Quantifioation of tha amount of prastraens

Acoording +to Naaman and Siriaksorn®, the amount of
pregtrogs nay ba guantifled in threo ways:
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Fahle 6.1 Important resvits obiained from the test beams {continuved)

' Beam AL service At first k. for ACY 313-83 ke for Suri and
cracking  and CAN3-A23.3-454 Dilger
- {=m) | (==} {um} (kNm} {rm} (xim}
p2#1 10,324 ] 8,2 | 57,5 | 38,76 J 0,55 | &,6 25,2 | 23,3 | 21,7 | 2,56 } 3,84 { 3,67
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le 6.1 Imporitant resmnite obtained from the test beams (continued}

Bean At service Bt first k, for RCI 3318-83 k, for Suri and
[ cracking | and CAN3-A23.3-M84 Dilger
v ] 5 | s | H 5 B | K | ka | Ka | K | K | Ka
(o) § (um) § (me2) | Ocw) | (mm) | (k¥m) '
ciz1 o156 8,1 | 97,5 ) 30,76 [ 0,55 | 6.6 :
cif2 | 0,18 | 9,2 | 99,8 | 32,55 { 0,42 | 6,0 11.73 3.1 12,9} 1,61 1 1,85 ] 1,88
c2F1 | 0,26 } 10,5 95.3 | 33,25 | x,27 | 11,4
c2#z 0,27 | 9,8 | 107,6 | 37,20 { 1,05} 17,8 10,9 | 36 | 1144 1,83 § 1,69 | 1,68
c3#y | 0,23} 9,6 | 33,9 | 32,73 | 3,82 i7,3
casz 0,171 o6 = {aasol st | 17,8 13,8 | 32,5 { 14,2 § 2,37 | 2,29 1 2,10
caf2 lo,201 7,8 | 162,21 33,98 | 2,54 { 23,5 17,6 52,5 [ 44,31 1,36 |} 2,99 % 3,38
vy | 0,32 | 5,6 | 165,58 | 31,50 ] 0,62 ] s.6 - :
pizz | 0,15 | 5,5 | 163,3 | 53,50 _ ~ 11,6 § 12,1 | 12,222,080 | 1,8¢ ] 1,01
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Table 6.1 Important reswults optained from the test besms

Bean | EL sexrvics At first k, for ACI 31883 %, for Sari and
cracking angd CAN3-A23.3-KS4 bilger
{=2) } {==) {rm} {kR=) {mm} | {xNm) }
£rjo,i8{ 30,9 ] 113,32 § 38,23 ] 1,41 | 21,8 _
' - — i —t 13,8 } 13,0 { 12,5 } 1,92 | 1,87 }1,80
Bif2 { @,35 | 13,6 | 114,5 | 33,75 | 3,67 | 1&,7 _
2251 J 6,33 } 10,2 | 240,56 } 39,00 § 2,55 | 18,1 i5,1 § 2,9 { 12,8 } 2,07} 1,78 ) 1,74
- 53#2 {0,315 { 5,2 | 271,00 | 31,70 | 2,87 | 24,3 25,7 | 34,7} 29,21 2,10} 2,5 ] 2,16
BiZ: | 0,34 | 10,4 | 310,7 | 31,93 } 1,65 | 11,9
' T 12,8 2,2 12,0} 1,73 {1,660 | 1,63

Bif2 | 0,16 } 30,0 | 312,2 { 32,77 | 3,53 { 11,2 * 12, T o7 ¥ v 63
B2F1 { 0,30 | 7,1 | 209,5 ] 28,52 { 1,50} 12,2 _

: — 1,4 | 30,8 [ 32 3,71 | 3.8 A,
B2f2 | 0,30 | 9,2 | i84,8 | 30,38 | 1,65 | 12,1 31,4 1 30, & 71 e 29
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! A, " [6.291
£ FRE" % 10

Shown below in Tabla 6.1 are the values of k, cbtained
frum the test beams for the equation from ACL 318-83W ana
Cad3-A%3,3=h44" and also for the sguatlon by Suri and
Nilger®, The values of k, for the two baams of each type
heva heen & vaged, for axample ©2#) and C02#2. Howevay,
ag explained in sestion 6.2.4, same off the heams' rasults
hava bean omltted, '

6.2.6 Bunmary of the test resulbs

Takle 6.1 balow shows tha iwportant test results, Nota
that the values «f k, obbalned by theoratical calaulation
as in wpection 6.2.3(2)}, Ry and kg, using the two
differant modull of alasticity, are very clovse to aeach
othar. Howavar, thara are guite large differsnces betwaan
the theoratically and expaerimentally determined values of
k, #ugdesting that the values chosen for tha modull of
alagtiolty may bo quite incorrect. Henda the values of X,
determinad from the axparimental ooncrote aurface
straing, K., ara probably mors rellable and should
praferably »sa used for deaign instead of the wvaluas
datarmined by theoretical caloulation. ALl tha stated
crack widths are at the lavel of the unprestiressged stoeal
and are “average" valuaes, ie. the values of &, which wore
daslded te ba ouwtliers actually doterminaed which values
of erack width would ke axeluded.

s



BEmm ocould have ocoured undetected. When caloulating k,
with the effactive praestress as detarmined juat before
the start of tha tést, the intremental steel stress was
found to be particularly low, which indicated that the
pregtrass wap lower than afpacted, ie. slippage had most
probably occured., This led to values of k, which were
aextraordinarily large and obvicusly unrepresentative for
the abovemantloned beama, initially by inspectlon, but
also by wcomparing them to the rasults of tha companlon
beans, where possible. Hence the résults from these beans
hava baan omitted.

6.2:5 Datexrmination of k,

once the orack width, w, the depth of the neutra)l axis,
X, and the incremental stesl stress, £, or f,, had been
determinad, %, from both thd equations in ACY 218~83" and
CAN3=-A23,3-M84" and by Suri and Dilger® ocould ke
calculated. For AGL 318-83" and CAN3=A23,3-M84" {he
equation ist

W k£ EE, % 107 [6.26]

tharafora

kyn

i
A" a9
£, VELE % 10 [e.27)

Tor the eguation by Surd and Dilger®:

l"_ Ah;; ) ot [6.28]
wom Jof,d oI i X 10
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methods for the fully prestressed beawms D3#L and D3#2Z,
the values of e = M/P, at service were within the middle
third of tha section, using the firest method, while x as
determined fyom the experimental strains was found to be
close to the depth of the saction, implying that the
section wasg uncracked. Howaver, during the tests, cracks
did appear at the service load in thése beams, Thia
cragking could be attributed to three different factors,
the firat two belng more probabla:

1. The prestregzed stesl could have glipped unnoticed,
although it was wonitored for slippage at each load
incremant during the tast.

2, Cracke couldd slso hava formed when the concrate was
sttempting to shrink, just after casting, as a
result of the reghtraining action of the shuttering.
Once tha prestrass was applied, ths coracks would
close up and theh reappear upon applleation of the
‘load ag soon ag tansila stresses ocourad in the
bottom fibre.

3. The prestressed steel could have kesn overstressad
during manufacture, henoe sending the increnental
gtress into the plastic region of the stress-strain
aurve and tharsfors allowing the heanm to deform to
a large extent. This is less likely to have happenad
than polnt 1 or 2 above sinca the jack aextensions
vara carefully weasurad durihg manufacture of all
the tast baanms,

Beams A2¥2, A3#L, C4¥1 and D2#2 all dlsplayed excessivaly
large orack widths, most probably dua to slippage, as for
Da#L and D3¥2. Since slip of the prastragsing ateel was
not nonitored with dlal gauges, but rather uging the
nathod an descrihed in section 5.2, slip of the ordey of
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From Flgure 6.9(a) and 6.9(b) above, the eguilibrium of
forcas gives: '

AL,

~2=t u AL, {6.21]

and:
£, - %‘l’-‘ £, [6.22]
A,,-—’zﬁ w {d,~x) A, [6.23)

The neutral axig may then be found from the wesulting
gquadratic, Now, using the sinple bending formula, sinve
the bahaviour is elastlo:

B . %
£y 1.1: X (6.24)
und by similay triangles:

£, = m, -_-r“f; (d,~x) (6.25]

6.2.4 Problems encountered in caleulating the neutral
axis depth; », and the incremental stesl stress, f,

On attempting to caleulate tha naubral axie depth and the
inoramental steel stiresa by both of the abovamantioned
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the resulting cublc equation in x, and the concrate
stress is then caloulated from thae aguilibrium of
normal Fforces as follows:

IPX X ppn, - S i, - Pyw 0 (629)

The iroremental steel stress In the tnprestressed
and prestressed steel respectively is ecalculated
From:

£y 20X g, for » X £, 16.20)

(Y ralnforced sventrete gectlons

L
L]
g I
-
O OO | i £,/m i |
b
1 OA,

Figure 6.9 {a) reinforeoad concrete Yrectangular
gastion
{Ib) straass distributicn at the
marviceabililty limit state
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. E, _ E .

ms - -17.-': mpﬂ = s}f {6-11]

es A ewxd, +k [6.12]
B, po T ’
“ky ”"Pp*d (6.13]

From the stress distribution at the serviceabllity
linit states

T, = LA, = %Zf £ A, [6.24)
d

Tow ® Lpfip _:%i‘ £ s [6.15]

0w Zeb¥ [6.16]
Momant equilibrium about point O

EAplkytn/3) = LA (d o) = Fpdn,(dyrky) = 0 [6.17]

gubstliutings

B (legrt/3) = (8m8) mBy (dthy) = (i) g () = 0
[6.18)]

The neutral axis depth may then be calculataed from

g3



P,
L1 0 [ .
z £y
Y] c
- »--n—-é:-u m
’u ot
(=]
O 0 O | = Lu/m ~ <
v ——— . Tﬂ
b .
e £ oo O

¥ ig the total applied moment at tha sarviceability
1imit state

- {n) {b)
Plgure 6.8 (a) partially oxr fully prestrezsed
conarete ractangulay section

(b) stress diastribution at tha
setviceability Limit state

From Flgure 6.8{a) and 6.9(b) above:
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(2)

ourve wag performed for each ocalculation,
otharwise egquation [6.10} could not be used

In euch a case, the strain would be plotted on
the curve and the corresponding stresg Lrom
the plastic region of the curve could then ke
read off. However, the behaviour of the
unprestresdad sgteel in all of the heanms
remalned in the elastic reyion of the stress-
strain ourxve for the chosen service moments.

Theoretical determination of the the neutral axis
depth and the innremental steel gtress

(a} Partially and fully preastressed oconcrete
seakions’

Tha £ollowinhg procedure for caloulatlon of tne
neutral axis depth, ¥, and the incremental steal
stress, elther 1, or f,, is8 a simplified model by
Ramagwamy'’, For a genaral rectangular partially
prestressed section, with a streas distribution at
the sarviceability limit atate as shown ovarleaf,
the oaloulatlon le as follows,

el



Table 7.2(b) Comparisons of measured crack widths fron the test beams to values calculated vsing
the eguation by Suri znd Diigex™

Bezz | o, {mm) Ara, =) | ke | w0 ke Wy )
RIS 30 : 376,42 1,82 a,1% | 2,55 0,21
R1E2 35 376,42 1,922 | 9,15 : 2,55 | 0,25
zzfr | 33 308,82 2,07 _ 0,18 2,55 . 0,20
23E 71,75 149,68 | 2,10 0,15 2,65

BrEL 36 37€,4£2 - %,73 _ 0,14 2,55 0,23
B2:2 36 376,42 L 1,7x ' 8,16 2,55 ' e,21
BzF1 | 38 g0, 82 3,71 0,30 2,55 0,19
Bz#2 a7 - 300,84 - 3,71 u-',aa 2,55 Q.22
C2£r 29 452 1,82 | 0,14 2,55 0.18
CrEz 40 sz 1,81 0,18 2,55 0,27 T
C2F1 28,5 | 376,42 - 1,83 D16 B 2,55 2,23




-

Table 7.2{2) Comparisons of measured crack widihs Ifrom the test beams to values calculated nsing
the equation from ACI 318-83" and CAN3-223.3-M54"” continued

IBeam | o, coy | & (wiypar) | x, | w Gw Ko | wwm) | ks | oW (m)
cz#L 29,5 2758,00 10,9 0,17 | 11 0,15 13,7 0,19

- C2#2 32 ' 2930,20 20,9 0,17 | 11 0,15 13,7 0,19
c3f1 | 38 5280,80 13,8 | 0,21 i1 . e,13 |} 13,7 | 0,16
e3r2 ] 30 _' 4636,80 13,8 e,17 | 1L 0,14 } 13,7 ¢,i8
‘ca¥2] 80 |}  6400,00 17,6 | 0,20 7,4 | o,06 | 21,5 8,08
DIF1 £ | 13612,84 11,6 | 0,12 16,4 0,21 20,2 | o©,26
piFg2} 26 : 2500, 00 13,6 | 0,15 16,4 | 0,17 20,3 | o,22
p2#1 29 4425,50 | | 25,4 0,20 6,4 | 0,34 20,3 |} 0,17

Hote: kg indicates the values of Xk, obhtained from the test beams, X, the reduced valuer

suggested by Scholz® and k. the original values suggested by Suri and pilgexr™
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Table 7.2{a)} Comparisons of measuraed crack widlhs from the fest beams to values calculated uaing
the squation from ACT 318-837 and CAN3-H23.3-MB4™

Beam | d. (wm) A, {m’fbar} Ky w,' () Koz W, (=m) Kus Wy (mm)
A3F1 30 2848,77 13,8 | 0,18 11 0,13 13,7 0,16
AlF2 35 3165,48 13,8 | 0,15 11 0,12 13,7 0,15
A2#1 33 4707,52 is5,1 0,18 i1 0,12 13,7 8,15
azg2 | 71,75 5205', 38 29,7 d,zs 17,4 0,13 21,5 d, i3
B1F1 36 2900,37 12,8 0,14 20,2 D,30 25,6 0,37
B1Z2 36 3286,56 12,8 0,16 20,2 0,25 25,0 0,31
 B2f1 38 3276, 78 31,1 a-,sn 20,2 p,10 25,0 ¢,13
- B2#2 47 3-553,35' 31,4 8,30 20,2 b,m 25,0 0,13
Cif1 29 2327,25 11,3 0,14 i1 8,12 13,7 0,15
caf2 | 40 3220, 00 11,3 b,m i1 8,16 13,7 0,19
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73 Comparigon of the Tast Results to Previcus Research

Comparisons are nade in this sectién in twe ways:

(1) The measured orack widthe from the teat beams ara
compared to valuaes of crack width pradicted using
valuss of k, previously auggested by Scholz* and
suri & bBllger®,

(2) The applleablility of tha valuas of k, obtained from
ther test beams I1a damonstrated hy ocomparing
pradictad orack widthae using thesa values of %k, to
neasurad valwas from provieus rdasearch., The
differancas in measurad and saloulated erack widthe
are then statistically analysed.

7.3.1 Comparison of wmeasurad oyack widths froem the teat
batns to pradioted valuass

Tabla 7.2(a) shows tha uvompariscn of neasured arack
widths from the test beams to pradicted crack widths
caloualted from the equation Iin ACT 2318-83Y and CANI~
A23,3-M84" ysiny the valuas of k, originally suggested by
suri and Dilger™ and the reduced values of k, suggasted
by ScholzM, Table 7.2(b) compares the wmeasured orack
widths obtained from the tdst heams to valuas predicted
by the aguatlon by Suri and Dilger®,

Note:

(1) In the comparisonsg below, the tarms x, f, or f,, &and
A, have all hoan onmitted, since they are of
differant value for each of tha ranges of tha demec
targets and hance too voluminous to invlude

{2) the valuas of w and X, shown in Tabla 7.2{a) and (b)
arg aveoragos of tha values obtained from each ¢f the
gix rangas of demac targets, axoluding tha outllers
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,

ACT 318~-83" & CAN3-A23.3-Mg4l®

26— I 47
26 E 5 P 48
24t | S
28 | § 14,4
TS 3 8.9
21| -8.7
20 1a.6
19} : {a.8
18} 5 8.1
7 - 2.9
161 | L {27
15 3 2.8
14 - | {2.8
18- 121
12_:aﬁ¢¢fw~- _”“uw_ 119
11'”ff7mwfj*i.i e b e d g

0 01 02 03 04 056 06 07 08 09 1

s ACL 318830 & CAN3=A23,3=M84Y
<= suri and Dilgop

BER

rigure 7,%4{d) k, va PER for saries D (pratensionad wires

and deformad bars)
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ACT 315-83" & CAN3-323.3-M84F

20 E ( : : : | o ! — 2.4

T
19 - § i 4 2.8
17 - 2.1
T 2

16 - 1.9
147 1.8
TR 1.7
19 |- - 1;6
111 {1.6
10} { 1.4

¢ 061 u2 08 04 05 08 07 0& 08 1.

PPR
W ACTI 318-82" & CANS-A23. 3-Mg4Y
<= gurl and Dilger®

vigure 7.1(c) k, vs PPR fox meries C (pratansioned
strands and doformed bars)
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ACT 318-83% & CAN3-A23.3-M84P

82 p

30
28

28

24

22|

20
18
16
14

12

e Fesa.

10 =t

f

} i i t 1 B ]

0O 01 0.2 08 04 085 06 07

¥ ACT 315-83" & CANI~AZ3.3-MB4Y
««  guri and Dilger®

Figura 7.1(p) k, v PER for maries B {(poat tansloned
unbonded strands and daeformad bars}

3'1

2.9

42,7

2.5

2.8

ke

Suri and Dilger®



Ke

ECT 318-83% & CAN3-A23.3-M84Y

30 2.2
28 |- 2.15
26 - 2.1
24 |- 2.05
22 2
20 1.96
18- 41.9
o"*,}.
16 1.86
r’j

14+ / 1.8
12~ 11,76

0 01 02 03 04 05 06 07 08 09 1

PPR

* ACT 328-83" & CAN3-A23,3«M84"
b Burd and Dilger®

Figure 7.1(a} k, v8 PPR fox sexies A (powt tanslonad

Bonded strands and defermed bars)
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shown below in Pigura 7.1(a) to Figure 7.1(d)}. The
calculation of the partial prestressing raties for the
test boams 12 initially shown helow along with the values
of k, in Table 7.1.

Table 7.1 Partial prestressing ratic and values of k, foxr
the test beams :

Baawm | dp X £ b 2 b PPR Ky Kz
(rm} | (mm) | (x10Y | (MPa)
AL#L 226 | 28,2} 24,6 | 1942,8 0,31

A2#1 | 227,5 | 29,6 | 29,6 1942,8 |1 0,587 | 18,1 { 2,07

BifL | 229 | 26,9 26,3 | 1942,8 0,21

Bi#2 | 226 | 27,8 | 25,0 |1942,8 0,31 | 208} 7
I Bakr| 220 | 20,1 25,0 |19042,8 0,57
B2#2 | 228,5 | 20,7 | 23,1 |1042,8 | 0,67 | M| TR
cz#1 | 226,85 | 25,8 | 27,2 | 1942,8 ] 0,31
52#2' é#s | 2§¢§ | 27,4 | 1543,3 b,az 16,91 1,83
cakL | 226 | 36,6 | 18,1 |1942,8 | 0,57
caga | 225 | 33,2 20,2 | o428 |o,s7 | By 237
DifL | 228 | 25,8 | 27,6 | 17514 | 0,31
11,6 2,00

DL#2 228 25,8 27,4 1751,4 | 9,31

D241 227 23,7 0,0 1751,4 | G,57 § 28,4 | 4,84

Notes k, rofexs to thée valua of %, as used in tha
eguation Erom ACL 218~83" and CAN3-A23,3-M84", while ki,
rofors to the value of k, as uesed in tha aguabtion by suri
and Dilger®,
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index by Thurlimann” because the stress in t1e
prastressed steel at the ultimate Limit state is
taloulated rather than assumed t¢ bea the yiald
gtrass

- it is easier to caloulate than the degree of
prestraess by Ramaswamy®

For design, Iy, may be caloulated in four different ways:

(1) from Table 37 of ¢p 1io”

{2) using the design stress~styraln curves for
prestressed stesl from cp 110V

{3) from first principles

(4) from experimantal strain neasurements

Howavar, for the test beams equilibriuvm conditlions at the
ultimate limit state were usmed along with the load-
axtenelon curve for the preshrassed ateal (Flgure 4.3).
Once the strain in the presbtresged shesl had bean
galoulated from the eguation: -

€y * 0,0035 —(99;;'-’-’-’- (7 ¢)

the axtanalon could then ba plotted on the load-sxtansion
curve and tha correspondifiy stesl stress obtalned, which
wag found to lie In the plastic xeglon of the curve ffor
all the heams. The partial prestressing ratio was then
calculated, the values belny shown balow in Tabla 7.1.
The ealoulatlon was not performed for the relnforced ox
fully prestressed concrete beams since Lt was known that
thelr PPR'y were 0 and 1 respactively.

It was subseguently deolde ' to present the valuey of %,
abtained from the test heaawms in graphical form, as is
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(2)

(3)

Prestressing index

Phurlimann® suggested using:

AL
A Rl - o - [7.4]
2 Apelpy + ALy

This is similax to the partial prestressing ratie,
but assumes that the prestressed steel will yield at
the ultimate limit sbate, possibly making it easier
to use. Howevaey, the yield anress of prestrassing
eteel is rarely gquoted i1in codes of practice,
manufacturers specifications or previous research,
the characteristic strength, £, usually being
glvan,

Dagrae of prestrass
Ramaswaimy*? defined the degree of preatress as baing

the ratio of the decompression moment te the full
servica load momeant:

J . .Mdm_ .
degree of preatrods » o "“-E [7.5]

All threa axpressions quantifying the amount of prestress
vary from 0 to 1, 0 indlcating relnforced concreta and 1
indicating fully prestresszed concrete, The partlal
prestrassing ratlo was identifled as baing the most
appropriate for the following reasons:

it is probably more accurate than the prestressing
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{1}

partial prestressing ratio
prastrassing lndex
dagrae of prestrese

Partial prestresaing ratie (PER)
Naaman and 8iriaksorn® dafined this as the ratilo
of the ultimate moment due to the prestressed steel

to the ultimate momant dug to the total aras of
tongile sheal:

PER % aiB8 [7.1]

According to CP 110Y, the varloug ultimate moments
ara caloulated thus:

ApyLrp (d~x/2)
. Gk ,
il w7 e weons ey ALY

Naaman and Siriaksern’® than stute that if d ie
defined as the disbanes from the extrems compression
fibre to tha ocentrold of the prestressed and
unprestressed steel:

A E
2] | J—— 7.
PER Anfyﬂ-m’———»_m — [7.3)

This eguation assumes that the unprustressed steel
will reagh its yield giress at the ultimate limit
state, which is generally trua,
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on aracking,

Four seriss of beams were tosted, series A contalning
post tenasloened sevan wire bonded strands and daformed
bars, series B post tensioned unborided seven wire strands
and deformad bars, series ¢ pretensloned =zeven wire
ptrands and deformed bars and series D pretensioned
smooth wires and deforned bars, In each seriss beams wera
tested with tha partisl prestressing ratia varying
batween 0 and 1,

Tha results ohialned from the tests were presented in
graphionl form, the cracking factor k, baing plotted
againat the partial prestressing ratio (PPR). In contrash
to previocusly recommended wvalues for k,, the draphe
ansblaed a variabla value of X, to be detarmined, not only
for a certaln combination of prastréssed and
unprestressed stasl; but alse for thae amount of
prastrasy, Indicated by the partlal prastressing ratio.
Thig le reguived sihce the erack width depends upon,
anong other controlling parametars, the total area of
#gheal, a fackor which had bean asknowladged by pravious
ragaarchars but had not baen Inoludad and guantified. On
the wholae thea values of k, from the testa ganerally gave
hatter praedictions of erack width when oompared to
pravious raesearah, although only uarginally in sonae
instancaea,

Some unaxpacted results ogcurrad, for axample wsytaln
baans entared the plastle zons of behaviour at a momant
much lowar than expeoted tharefors giving valuaes of k,
that ware unrepremsentativa. Honwo thass rasulis were not
{ncluded. The post tanslonad unbondad baams with littlae
or ho unprastrussad gteal had axcessivaly large qracks an
pradleted hy thaory. Howevar, such membara such mombons
conbaining only unbondad staesl would in practice not ha
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2} CONCLUBIONE AND RECOMMNENDATIONS
8.1 Bummary and Conolumions

Prastyessed concrete structurss can be designed for no
oracking under full service lead, hut in general, this
leads to an uneconomical and non aasthetically pleasing
gtructure due to the slze roguired of sunh a manbax.
Thera is alse the possibility that such sactions boooma
overrainforcaed or ovarprostrasged with respesk to the
ultimate Llimit skate, This often reaults in brittls
fallurs due to lack of ductility, whila also maklng tha
mewbhar uhsuitable for moment radistwributieon or plastic
analysls and design, Partielly prestrassed conorats 1s
hence a viahle altabnative to fully prestressad conorete,
buk with the raduction in prestress, flexural cracking at
sorvice will ocour and must ba controlled. Due to tha
high strangth of prestraseing staals, a relatively small
loss of ite oross sgectional areca lost due to corxésion
can lead to & conaldarable reduction in ultimeta strangkh
of the wember, Therafera z raliable method to predict
arack width is nseded.

It was shown that many of the existing ayuatlions are
inadequate, mainly bécause they ware adapted fL£rom
rainforoed concreto or they have been derived ffrom a
statistlanl analyals of a numbar of diffarent tests, all
with diffarent conbrolling conditions and exparimental
exror, Hence Lt was declded that a £ull range of commenly
usad pragtressing steals in combination with deformad
hars should he vasd in on exparimental asudy. Thooa tests
would have the advantage over other pravious ropoareh of
boing subjaected to the samo controlling conditions and
axparimental orrer, therefore hilghlighting tha true
differancas of the offect of different prostressing
stesle and a vardation in the partial prostressing watio

115



The pradictions of erack widths by thee equation from
ACT 2118-82" and CAN3-A23.3~M84" correlute raasonably wall
with the nmessured values, whan the values of Xk, from the
taet boaws or the reduced values of k, as suggestad by
Schiolz¥ are used. The values of k, suggested by Surd and
pliger® de not compare well, The sgquation by surl and
Dilger® compares badly with the measured orack widths,
agpacially when the valuas of Xk, as ovriginally suggasted
by Surd and Dllger® axe uszad, ag they give large
ovarastinations,
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Table 7.4£{c) Percentages differences of measured and caiculated and measured values for Tansi

et ai®¥
Eean Exuaiion from ACI 318-83 and ma-an.:{-ﬁad: Equation hy Suri & Dilger
Test beams |  Scholz  suri & Dilger | Test Beams | Suri & Dilger |

RL 13,32 | 13,38 20,0% : 23,3% 86,7%
R2 ~17,6% ~17,6% 5,9 - | 5,5% : 47,1%
73 62,7% 29,4% 64,7% . 1138 | 123,5%
R4 TG, 0% 70,0% = 30,0% | 3_ 80,0% 250,0%
] | 13,3% | 6,7% ' 33,3% 0 ' 40,0%
T2 = 5,9% 11,8% 35,3% 11,8% | 52,9%
3 ' 12,5% _ -6,3% 12,5% _ 6,3% : 6,3%
Tz £,9% ] 4,9% -19,5% : o ' 92,7%
¥ean 2a,9% 14,0% 25,3% i 3%1,1% : 87,4%
std. Dev. 30,48% 26,5% ’ 25,4% | 42,2% 75,0%




Pable 7.4(b) Comparison of measured and calculated values for Tansi et 21" using the eguation
by Suri and Dilger™

Beam £, d. A, A A, w | zpR Test Beams | Suri & Dilger

{¥pa) I {zm) | (=m’) - (mm®) | {am) X, I (Rm) k, v (am)
RL | 284,63 £3 35171,20 | 4s0 | o5 | e | 3,81 [ 0,20 2,55 | o,28
Rz | 240,23 a3 | 3s384,00 | 370,6 | 0,17 0,32 | 1,83 | 0,18 2,55 0,25
R3 | 322,63} 43 | 3s160,00 ] 301,2 | 0,17 0,58 | 2,42 0,3 | 2,55 | 0,38
Re | 116,51 g4 | 28o76,00 | 1€2,4 | o,10 1 1,36 0,28 | 2,55 | 0,35
11 f281,66] 42 |24157,12) 440 | 6,15 | o 1,81 6,15 | 2,55 | 0,21
12 | 320,76 | 43 20093,04 | 370,6 | 0,17 6,32 | 1,83 | 0,19 | 2;55 0,26
T3 | 242,331 36 18579,00 | 301,2 | 0,16 | o,50 | 2,42 | 0,17 2,55 0,17
14 | 3s2,21| 73,5 | 20330,00 | 162,4 0,41 i | 1,3 | 0,41 | 2.55 0,79
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Table 7.4(a) Corparisor of measured and calculated values for Tansi et al’ vsing the equztien
from ACT 318-83"F and CAN3-A23.3-Ms4™

Beam| £, ) a | A % | PPR | Test Beams |  Scholz suri & Dilger |
, | |

(MPa) | (zm) | (mw'/bar) | (mm) X v ) | K w | kv (mm)
Rt | 282,63| 23 | 3s40,00 o0,35] o | 22,3 | 0,17 11 | e,17 | 13,7 { 0,21
r2 | 240,43} 22 | 3951,71 |o,a7fo032) 11,0 0,22 | 1 | 0,12 (13,7 o,18
R3 |322,63] 43 | s693,27 lo,17| o8] 14,0 { 028 | 212 | 0,22 | 13,7 o,28
R |116,51] 2s | es36,00 |o0,20) 1 | 17,6 | 0,27 1r | o,11 | 13,7 | 0,23
11 |281,66] 22 | 3350,86 |o0,35] o | 11,3 | 0,17 11 | 0,16 | 13,7} o,20
12 { 320,76 | 23 | 3377,87 |o,27f0,32| 13,0 | 0,38 | 11 | 0,29 | 13,7 | 0,23
73 | 222,39 | 36 | 4s02,35 {0,386 | 0,59 14,0 } 0,28 | 11 | 0,18 | 23,7 | 0,19
14 |362,21)73,5| 410575 o,4a| 1 | 17,6 | 0,43 | 11 | 027 | 13,7 | 0,52




All the values of k,, for both equations, underestimate
the crack width of Beam RB3604. Table 7.3(c} shows that
the predicted crack widths vary considarably between the
different valites of k, when using the sguation from ACI
31.8-83" and CAN3-A23,3-MB4", When using the equation hy
suri and Dilger®, the original values of k, suggested by
Surl and pDilgexr perform better than tha values of %, from
the test beans. Tn general, for the tests by Bennett and
vearagubiamanian®, the equation from AGI 2318-83"® and
CAN3-A23.3-M84" used with the values of k, from the test
beamg, and the eguatlion by Suri & Dilger™ used with the
valuaes of k, that they originally suggested, give the
best predictions of crack wildth.

Pretenuioned strands

Tangd et al¥ tested aight beamg, four rectangulay
geckiong and four I eactions, both #exies of beans
ranging from reinforced to fully préstressed oconcreta.
Thé comparison between mneasured crack widths and the
values caloulated froi the egquation in ACT 318-83Y and
CAN3~A23.3~M84" f& ghown in Table 7.4(a). Table 7.4(b)
compares predicted crack widths from the sguatieon by Surdi
and Dilger?® to measured values.
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Teble 7.3(c) Percentages differences of measured and calculated and mezsured values for Bennett

7md Veerasubramanianp®
Beam : Equation from ACI 318-83 and CAN3I-A23.3-MB4 Ecuation by Suri & Dilger
Test Beams Scholz Suri & Dilger § Test Eeams | Suri & Dilger |
RB 1302 53,8% -15,4% | o ) o ' 23,1%
RB 1204 | o _ ~-23,1% : ~7,7% -15,4% _ 7,7%
RB 2404 50,0% | -12,5% | _ 12,5% : -1z,5% ' 12,5%
RB 2208 | 9,1% | -9,1% | 9,1% 9,1% ' £5,5%
RB 3604 } -9,1% -54,4% | -45,5% -54,5% -45,5%
RB 3408 -15,4% : -30,8% -15,4% -23,1% 5 a
Moan 14,7% -21,2% ~7.8% -16,1% 7,2%
std. Dev. | 30,0% r 16,82 16,8% . 22,1% 30,38
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Pable 7.3(b} Comparison of .easured and calculated and measured values for Bemnett and
Veerasubramanian®™ using the eguation by Suri and Dilger™

Beam £, a, A, AEFA, w | PPR { Test Beams - Suri & Dilger
(MPa) | (mm) | (o) (mw?y | (wm) | i_ ko (v )| kv om

—— - e —— = =~
RB 1302 | 228,44 25 31889,6 | 269,341 0,13 : 0,75 2,08 0,13 2,55 0,16
RB 1204 | 25¢,08 24 }32710,4 | 389,00 | 0,13 | 0,45 2,02 0,11 2,55 0,14
; RB 2404 | 187,04 24 é3469'_,6 _4:53,34 6,08 | 0,66 z,.08 6,07 2,55 0,09
. RB 2208 | 223,14 43 3_0587,6': 703,16} 0,11 | 6,33 1,93 0,12 2,55 0,16
RB 3604 | 140,25 24 | 25034,4 | 538,68 | o,.11 0,74 2,08 ¢, 05 2,55 0,06
. RB 3408 :_ 193,58 43 | 27496,8 | 778,00 0,13 0,49 2,02 G,10 2,55 0,13

ioe




Table 7.3{a) Comparison of measured and calculated and measured values for Bennett and
Veerasubramanian® uszing the equation from ACT 318-83"F and CAN2-A23.3-Ma4"

Bean £, d. A W { PPR | Test Beams Scholz Suri & Dilger
(MpPa) | (um) | (mm’/bar} | (mm} e | W x - k. T

(mm} (veom) (mm)

' RB 1302 | 228,44 25 2945 0,13' 6,751 21,2 0,25 ir {o,11| 13,7 0,13
RB 1204 | 250,08 ] 24 1821,57 |o,13 0,48} 14,7] 0,237 11 | 0,20 13.,,7 : 0,12
RB 2404 [ 187,04 | 24 1706,96 | 0,08} 0,66} 18,2 0,12 11 | 0,67 13,7 o.,os-
| RB 2208 § 223,14 | 43 1495.68 0,11 0,33|13,9}0,22} 11 to,20} 13,7 0,12
' RB 3604 | 1?10,25 24 i621,62 § 0,1:| 0,74 | 20,9 ] 0,20} 11 |G,05| 13,7 } 0,06
RB 3408 | 193,68 43 1488,38 {0,131 0,490 34,7 0,121 11 0,09} 13,7 | 0,31
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7.3:2 Comparison of predicted orack widths using values
of k, obtained from the teat bsamy to measutred
orack widths from previous research

Measured &rack widths from the tests by Bennett and
Veerasubramanian® and Tansi et al' were ¢ompared to
valueg calculated from ACI 318-83" and CAN3-A23.3-M84¥
and the equation by Suri and Dilger®. The values of k,
suggasted by Scholz, sSurdi and Dilger® and values
obtained from the test beams were used in tha comparison.

Pogt tonsioned bonded strands

Hannett and Veerasubramanian® tested six rectangular post
tensloned bonded partially prestressed concrate beams.
Takle 7.3(a) shows the comparison bhetween the measured
crack widthe and the values suggested by the equation
from ACI 318~-83"% and CAN3-A23.3-M84", while Table 7.3 (b)
compares the mneasured crack widths and the values
caleulated by the egoation by Suri and Dilgex™, Table
7.3{c) showe the statistical analysis performed on the
differences batween tha calculated and measured crack
widths,
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Pakle 7.2{b) Comparisons of measured crack widths from the test beams tc valuves calculated using
the eguation by Suri and Dilgex® continued

Bean d, (mm) A+ A, ) | kg | owm | ke Wy (mm)
c2#2 32 376,42 . 1,83 0,17 2,55 0,24
c3fFr | 38 300,84 . £37 - 0,21 | 2,55 0,21
c3#2 30 300,84 - 2,37 0,17 2,55 | 0,20
caFz i 80 149,68 1,36 _ 6,20 2,65 0,39
p1FL | 41 378,74 2,09 | o0,12 2,55 | 0,26
DifFz | 26 _ 378,74 ] 2,09 d,15 - 2,55 0,16
D2#1 29 305,48 | | 4,54 0,14 2,55 0,12
Nota: (1) k,; indicates the values of k, obtained from the test beams, X,; the original values

suggested by Suri and Dilger™ .
(2) k,; is the average of the values of &k, cbtained from the test heams excluding €the
cutliers
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8.3 Redommendationg for Future Ressarch

The wmajorlity of physical varlablas of the beams ware
takean inte cohgideration in thig reseaych. The effecte of
parameters such as the shape of the section and cover
were addressed in previous research® and therefora were
not includad in this study. An lwportant factor that
cannot ba overlookaed is that of loading, Future research
should focus oh raepsated and sustained loading.
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dllowed to crack at service.

8.2 nRNecommendation for Prediction of Crack Width in
partially Prestressad Condrate FPleXural Menbers

The values of k, obtained from the tests generally gave
bettay pradictions of orack width than the old values by
Suri and Dilger®, but similar results to the reduced
valueg of k, suggested by 8cholz" whan cempared to
previocus researueh.

Whan comparing the performankce of the aguation in

ACT 118-83"% and CAN3-A23.,3-M84" t6 the one by sSurl and
Dilgar?, their results are very similar for Bennatt and
Veerasubramnalan®, when used with the values of k, from
the test beams and the orlginal values of k, suggestad by
surl and nllger¥, respsctively.

Using the tests by Tangl et al¥ as a comparison, the
equation from ACI 318-83" and CaN3I~223.23-M84™ used with
the wvalues of k, from the test beams or the ones
suggestad by Seholz" gave the bust results. The aquation
by Suri and Dllger® overestiwmated badly, especially when
ugad with thelyr orlginal values of k.

It is thus recomwended to use the éguation from ACL 318~
83" and CAN3-A23,3-Ma4":

ws k£, VAF; x 107

togather with the proposed valuas of k, obtoinad frem the
graphs ef k, vs. the partial prestressing ratic, or the
reduced values of k, as suggested by Scholz't,
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Tabla 2 continued

90

224

465

TBeam | 10 | 40 168 | 200

D2f1 | e | 604 | 208 | 178 | ~022 | ~2273 | w1625 | -2078
or | 667 | 477 | 260 | ~1184 | 1202 | -1651 | -2188
RE | 696 | 299 | 187 | ~1192 | =1448 | ~1510 | 1996
{18 {723 | 527 | 315 | 2013 | ~1319 | ~1522 | ~1981
cn | 815 | s00 | 205 | ~8s0 | ~1260 | ~1615 | -z2028
RB | 896 | 669 | 23F | ~1460 | ~1825 | ~2003 | ~2777

Dak2 | L¥ | B84 | 471 | 165 | -720 | -858 | -1077 | ~1422
or | 515 | 360 | 178 | ~1340 | 1669 | -1802 | -32387
{"Rr | 529 | 420 | 96 | 642 | ~723 | =1143 | ~1308
1B | 646 | 486 | 202 | ~620 | =801 | =932 | -1858
ce | 676 | 483 | 216 | ~1169 [ -1200 | -1880 | -2182
Re | eos | 39| 223 | ~g00 | «765 | -976 | -1223

182



Tabile ¢2 continued

Boam | 120 | 40 | so | 165 | 200 | 224 | 268
cd#2 | LF | 738 | 564 | 358 | ~426 | 43 | 1064 | <2427 .
{cr| 680 | 889 | 280 | <470 | ~60s | =783 | -1056
RE| 634 | 477 | 281 | =684 | =981 | -2090 | =1586
we| s72 [ 448 | 229 [ =792 | =1070 | ~a278 | =217
OB | 649 | 451|217 | -B5G | -697 | =854 | ~2607
RB| 646 | 502 | 248 | ~724 | ~023 | ~113% | ~1498
DAFL[LF| ~ | = | = - - - -
CF| %82 | 512 | 209 | ~B56 | ~667 | -a87 | ~11is
RF - i ™ - - - -
B w | - | = | = - - -
cB| 407 {364 | 84 | ~636 | -781 | -923 | -1270
[ra| = | = | -~ | = - | - -
Ioapz | nr| 747 | 610 | 206 | =673 | =gon | -2174 | -1134
CF | 748 | 495 | 250 | ~989 | ~3107 | ~16€7 | ~1776
RF| 648 |99 | 248 | =607 | -908 | -3131 | <1540
18| 808 | 605 | 396 | =512 | ~789 | -ng9 | ~1388
cB | 569 | 482 | 45 {1024 | ~1238 | -1460 | ~1778
RB | 1287 | 964 | 613 | =863 | =1323 | -1640 | -1802 -
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Yabla 02 contirued

Baam 10 |40 | 90 | 188 | 200 | 224 265
cz#z | 1r | 655 | 454 | 208 | -428 | 862 | -720 | 1093 |

oF | 624 | 522 | 290 | ~877 | 899 | =997 | <1475

RF | 888 | 499 | 219 | ~2402 | ~1707 | 2045 | ~1312

LB | 764 | 578 | 321 | w711 | ~944 | 1168 | ~1429

e | 770 | 870 | 309 | =430 | =470 | ~az7 | ~1181

RD | 694 | 875 | 318 | ~714 | ~1126 | ~2315 | 1728

CafL |18 | 791 | 543 | 335 | ~B19 | <745 | ~o42 | -1293

cr | s63 | 515 | 280 | -926 | -1228 | ~1188 | ~1778

RF | 627 | 464 | 220 | ~577 | =770 | -036 | -1448

1B | 632 | 346 | 225 | 853 | -848 | =910 | =1203

e | 694 | 504 | 269 | =015 | =1334 | w2473 | ~128507

»p | 702 | s09 | 226 | -615 | -850 | -978 | -1480

cakz |Lr | 740 | 533 | 262 | ~s23 | =838 | ~1051 | ~1393
cr | 789 | 581 | 313 | ~841 [ ~2098 | ~1378 | <1821 |

WF{ 791 | 592 | 323 | =770 | ~045 | -1289 | =1754

18| 772 | 470 | 243 | ~€08 | =1176 | 1408 | =975

cB | e11 | 453 | 192 | ~2039 | «1912 | <4622 | =198

%o | 642 | 652 [ 198 | ~7i0 | we15 | w1131 | ~1472
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{2) Series ¢ and D¢ straing were teasurad at d = 10 mm,
40 i, 90 mM, 165 mm, 200 R, 224mm and 265 mm (from
tha top axtreme conorete fibrae)

Table €2 Experipental conorete surfade atyain
meapuremants (x 10%) for serieas C and p

Beam | 10 | 40 | 90 | 168 | 260 | 224 | 265
> ke B e S0 Ml i

o1t | 1 | 430 | 372 | 202 | ~e08 | ~887 | ~1122 | -2646

| OF | 444 | 534 | 72 | «1499 | 1563 , -1928 -

RF | 434 | 316 | 139 | =607 | =683 | ~903 | =1200

UB | 748 | 605 | 200 | -441 | -501 | -88& | ~2285

|' oB | 672 { 266 | 2641 -634 | =917 | ~1062 | =1423 |

RB | 983 [ 772 | 93 | ~L177 ) 1374 | ~1B&86 | ~1778

aif2 | OP { 6oL | 419 {132 ] w917 | = | =1%38 | ~2830

CF | B35 [ 461 | 240 | =%44 | «737 ~902 | «1782 |

Re | 617 | 438 | 171 | ~1040 | ~1107 | =2319 | ~1678

LB | 620|202 | =7 | =612 | 1402 | -1347 | ~2081

oB | 468 | 207 | =7 | ~9a7 | ~Bos | ~u767 | -1083

RB | 499 | 284 | =27 | «1187 | -1306 | -1591 [ =3025

c2#s | LF | 735 | 56w | 201 | ~1086 | =946 | ~1103 | =1848

cF | 750 | 577 {278 | ~818 | -1024 | ~1218 | 2098

RF | 740 | 546 | 249 | -686 | <784 | ~u89 | ~1210

LB | 546 | 379 | 147 | ~594 | -838 | ~1279 _ =~ 1825

CB [ 656 [ 379 | 131 | =846 | ~Ll268 | ~1290 | 1759

RB [ 553 [ 357 | 102 | =161 | =~1D43 | «228D | =~260%
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rable C1 dontiritted

“Beam 0 | 40 | %0 | 200 224 | 275
Bl¥2 | LR | 622 651, w69 | =1124 | ~1316 | =1723
CF| 681 | 381 | -41 | -1326 | ~1878 | -2027
Re | 527 | 348 | -89 | -745 | -1508 | -1377
el 653 | soz | 112 | -1d24 | -1659 | -1606
eB| €98 | 371 | ~1978 | =583 | =794 | -1579
8| 790 | 588 | - | -1010 | -1084 | ~z008
B2#1 | LY 591. 308 | =120 .-1145 - =1352 -.13.4;4
cr| 575 | 290 | -84 | =043 | -1116 | =1870
RF| s34 | 290 | ~107 | -1074 | -1302 | 1728
I8 | 505 | 303 | -95 = | —iz88 | -a720
cB| 503 | 315 | -89 | - 1183 | -1873
RB| 558 | 278 | ~184 | -1448 | ~1360 | -1884
paf2 |LF | 650 | 366 | =25 | -1122 | ~1309 | -1842
cr| 736 | 408 | ~124 | -1224 | =141 | 1988
Re| 738 | 408 | w81 - - -
18| 660 | 331 | =162 | +1067 | -1327 | -2692
ce| 607 | 286 | -11¢ | ~1370 | -1629 | ~264
RB| 558 | 202 | 106 | - w2438 | -3019
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rable Cc1 continusd

275

Baan 10 | 40
| Beam o N
azfi | e | 757 | 445 ~1883
cr| 766 | 465 1801
RF| 768 | 476 ~1885
~2843

LB | €93 392

cB| €94 | 412 | =92 | -1875 | -igsz | -2409

we! 735 | 433 | -64 | ~1109 | -134¢ | ~1884

‘Az'#z 3:.? 466 220 | -i88 847 -1006' -3258

oF | 543 | 176 | ~B58 | ~2382 | =2743 | -~1802

RF | 538 206 -279 | <1414 =1679 ~2372

18| 657 | 358 | -144 | -1345 | -1606 | =2179

eB| 718 | asy | =246 | -1392 | -1783 | ~2442

RB| 667 409 -G «1369 ~1491 ~1809

B1¥L [ LF | 679 408 =39 -ipgs ~1286 -1.647

er| - - | o~ | =822 | ~1021 | w1452

RF{ = 390 ~34 ~1303 ~1860 ~1448

v | 873 | 310 | ~177 | -go8 | -2037 | -14%9

cB | 594 w | w138 | w1243 | ~1497 | -1816
re| 614 | 320 | -84 - -933 | =13%2
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APPENDIX ¢

BXPERIMENTAL CONCRETE SURFACE STRAIN MEASUREMENTS
(1) Series A and B: strains were measured at d = 10 i,
40 WM, 20 @m; 200 1w, 224mm and 275 mm (from the top

axtreme concrete fibre)

Table 01 IExperimental condreta surfacs strain
measurenants (x 10% for series A and B

. Beam 10 | 40 90 300 224 278
Akl ler]| soe | ave | -09 | 1272 | -1894 | ~1084

CK| 678 415 ~59 =1056 ~1119 =-1739

RY| 682 | 294 | 139 | -1087 | ~-1260 | -1783

LB| 661 | 388 «77 1075 ~1278 «1727

cB| 667 364 ~128 | =113l ~1340 ~1772

RB{ 672 370 ¥ ~1301 ~1852 ~2198

at#2 |zr| 603 | 308 | =200 | ~a727 | -2010 | -2528

cr| &20 308 «140 | ~1242 ~1521 ~2065

RF | 593 308 =140 | ~«1242 -1521 ~2068

LB &6} 383 =100 | <881 =~1347 1552

e 728 | aa3 ~166 | ~1093 ~1322 ?1360

18| 605 | 410 | -8s | -1684 | 1047 | ~2558
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