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ABSTRACT

Many methods have been proposed foar the

calculation of fong term deflect ons n reinforced

concrete membars. Most methods make use at
emprrical taztors to modify instantaneous
deflection n catcutating fong term defiection i
this study a semi-theoretical method of long tearm
deflection catvutation [ gar.ved trom a

constdaration of midspan strain shanges and the
stress redistribution accompanying Creep The
predictions of this caltculation method are
comrared with gefleztions and strains measured on
four rainforced concrete beams subjected to
sustained Ioading for a duration of si1x months .
The method [ shown to give gouod rasutts in
cb . mm -

predictsn tong fe.m oefiection from measured

Grtcrate properties
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MC’ - Minimum moment causing cracking 1n beam tension
zone
Ma -~ Appltied moment
P - = 7
o As bd
Wt -~ el As'/bd
mg -~ Constant depending on o and &' used n
shrinkage deflection calzuiation (from CP110)
} 1/ - Beam curvalure
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1. INTRODUCT ION

The tong term deflection ot retnforced concrete
ftexuyra!l eiements has besen widesiy resesarched and many
methods have been proposed for deftisction calculation.
Despite this, & wide range of resuilts can o8 derived
using ditferent calcutation methods. Most methods are
empirically based and have been derivag ftrom fimited
expe-:mental observation. As a result therr universal
applicabi ity 18 gquastionable. (A detailed axamination
of some of these catcuiation methods s undgrtakan tn

Chaptler 2)

tn many reinfor-ad concrete structures no defliection
check 13 required at ail For the vast majority it is

adeguate to fotiow the span/effective depth rutes

prescribed by codes 1o fimit defiections However ,
si1tuations do arise where daflections are critical and
more accurate caicuiations are tustified. in such
instances the designer has very little guidance 1n the
ssisction of cafcufation method A more widely
appliicabte method ts required. 1t 's believed that
wider applicabilty can best be achieved by closer

theoretical correlatiron

immediate or short term deflections can Ue accurately
predicted by most current codes of practice such as

CP!‘O(‘) or ACH 318(2).

making use of the partiatily
crached section concept The problem presented by iong
term defiection calculation s twotfoltd The reltevant
concrete properties (moduius of eiasticity, creep and
shrink.ge) have to bas measured or calculated from the
knrown Bbasic parameters {m: constituents, compressive

strength and environmental conditions). These
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propertias and the characteristics ot the rerntforced
concrete eiement under consideration are then used to

catcuiate deflectron Creep and shrinkage data for a

particular concrete 18 seidom availabie, and ¢ «t s,
it 1s most unpiikely that 1t wiit cover the |ifet ime ot
a structure. Extrapoiation from shorter term data ts
invar ably necessary. Becauso of tne vartabti ity ot
concrete creep and shrinkage characterrstics, some
prior measurement ot these values [ essential for
accurate deflection catculrtion. In this investigation

emphasis 18 concentrated on defiection calculation firom
measured creep and shrinkage parameters, ther than

the prediction of these concrete properties.

The aquestion of whether the eifects of shrinkage and
creep should be separated or combined s often debated.

Most calcutation methods make use of a coefticient

representing the ratio of iong term to initiat
deflection it tmitial gefiection tends to Zero the
creep portion of fong term defitectiion wi it also
necessar: iy tend 1o 1610, white the shrinkage portion
rematins largely unatfected, so an overall coefticient
wiil tend to infinity. In the extreme case where the
rnitiat gefisction aad creep detiection are z2er o,

shrinkage detfisction cannot be catculated by such a
coeff cirent Creep 13 dependent on the level! of appiied
toading, but shrinkage 'S not Al thoughn [ ts
acknowtedged that shrinkage and creep may be part of
the same pr .omenon, 1t 135 sssentiai tu separate ther
effacts for accurate defimction catculation of the

coefficiaent approach 18 ussd

The results of previous rasearchers are not reads by
useable in a comprehensive deflection study . Littile

attention has been given to strains across ejeman’
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segctions. Where strain measurements have been made
these are generally not analysed in detail! and are very
seldom reported N sufficient deta) 50 as to be
useable by others.  Shrinkage and creep effects are not
always separated and not aiways measured on companion
prisms of the same concrete Span/effactive depth
ratios are often unreaiistic when compared with current
code recommendations. |t shrinkage effects are to be

separated it 18 essential to measure shrinkage

defiection on a simifar cracked reinforced concrete

member Reported results very often contasn
insufficient detaii for & subseqguent 'n depth study
although more deta:! could no doubt be obtained by
direct contact with the sducational ingtotution or

tndividual concerned. T e probiems outiined above are
evidant (] the study of other ressarch results

undertaken in Chapter &

The obiectives ¢f this investigat:ion may be summar i zed

as foltiows:

1) To examine both theoreticalily and exper i~
mentaliy the deveiopm:int of strains with
time across the sections of rectangular
reinforced concrete beams subjected to

sustained toad:ing

(23 To relate strain deveiopment to short and long
term concrete properties measured cn contral

prosms

{33 To derive a method of long term defiection
catculation using concrete propertieys measuragd
on control prisms The method derived should be
compatible with both theory and observed

results

AL 4
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Shrinkage and creep effects are separated where
possibtle. Moo e attention 18 given to creep than
shrinhage as creep is5 generally the major contributing

factor to iong term defiections

A theoretically derived method of long term defiection
caleculation [ presented (] this report. The
thecretical hypotheses upon which the method :s basad
are compared w.th experimental results Detiections

calculated Ly this method and other popular methods are
compared with detiections measured in this andg other

research programmes .

Tabies of measured data are included in the appendices.
The resut ts have beern computer processed and are

presented 1n computer print-,ut format. Data relevant

to the argument of the main t» peated there for
ease of reference Ma: data nas been
comprahensively tabled ta 1ie use by other

investigators

33
Where possibie the symbois of CP110 or SABS 0100 are
used. in the absence of particutar symbols being
specified 1n those documents, the symbois most commoniy

used tn reiated f:terature have been adopted




2 LITERATURE STUDY - AN EVALUATION OF EXISTING
METHODS OF LONG TERM DEFLECTION CALCULAT!ON

An evaluation ot ex1sting methods of fong term
deflectron calculation 15 necessary to provide substan-
tration far criticism feveiled at these methods and to
introduce some estabi(shed concepts relevant to any

fong term deflection study

1t was noted n the introduction (Chapter 13 that
attention 1s focused primarily on lnng term deflection,
and creep deflection in particuliar, In this study The
catculation of instantaneous or immediate geflectian,
shrinkage deflection and cencrete properties retevant
to long term deflaction calculation 135 not covered n
this chapter excep! in so far as 1t directiy atfects

tong term defiection due to creep

[ [ impossible to give each catculation method
comprahensive coverage :(n the | imited srace avatlable.
The methods described are generaily well known and more

deta:ied descriptions of their prescribsd appltication
are read.ly accessible (n the references quoted in
general the symbois used in the equat i ans repeated here
sre 1dentical to those n these references and are
defined in the tex«t. 3ome of these symbo's are peculiar

to this chapter and may be ae.1ned ditferentiy under

“List of Symbots" on page (x) I'n such cases the
definition given herae [ only appticabie P this
chapter

Three basic methods of calculation are covered These
methods can n principte be cons.dered representative

ot the many methods presented in defiection fiterature

—eRY
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2.1 crPi10, 1972(‘)

The method prescr:bed by CP110 makes use of modutla:

ratio techniques (eiast:ic anaiysis) for the caicutation
of x’ {here onlty , x = nautral axis depth) and !x"t
and 't are calculated by considering a reduced elast)c

modulus
£ 2 E A S ] 3 2. 1)
and increased modular ratio

uat * Es/gct ® s .ct)“un‘ 2.2

Paramaters X . [ X and i are ait calcutated
assuming the concretse section to be compietely cracked.
For both instantaneous and long term defiections the
effect of concrete (n tension (tension stiftening) [
introduced directiy in the curvature catculation. For a

rectanguiar section:

M - A
curvature = vir = (2.3)
Et
th - x) b'c'
where A = - — 2.4
{(d - x) 3

and caters for tension stiffening

Then 4 = ko CVvzry 1 {2 8)

whe-e k 15 & constant dependant on the arrangemant

ot applied toads

'y = [ Wty - . e A e M



Values ot k can be derived from the class:cal elastic

theory equation

dty 1]
i = — (2 .6)
dx? Ed
and are tabu'lated in several references for most common
(43(5)
load cases .
f resresents the concrete strength in tension at the

ct
level of tensiaon reinforcement and varies between 1.0

MfPa (instantaneous defisction) and 0,55 MPa (extreme

tong tarm deflection) intermeadiate values are
tabuiatsd 1 n rntsronce(‘), This tabie iz repeated here
{Tatle 2. 13 tor information. it will be noted that
creep cocefficrent and tensties stress in concrete are
tabulated agairnst duration of foad. [ the creaep
cosfticrent [ measured [ 18 probably better to
determing 'ct from the coefficrant than from the

duration of ltoad.

Tabie 2.1 Creep coefficiants and raduction with time of

stress :n concrete at steel tovnl(‘)
Duration of Age at loading (days)
’ct(Mpa) i
load (days) 7 14 28 56 100 ¢ E
. 0 0 0 [ 0 [ 1,00 h p
10 0,36 0,33 .27 0,23 0,19 0,98
100 L) 1.65 1,37 1.7 0,96 0,77
1000 3,08 2,64 2,20 1,87 1.5¢4 0,64
o 3,85 3,30 2,75 2,34 1,83 0,85
i
.
7




Equattions 2.3

dragram 1ilust

is catculated

and 2.4 are derived from the stress

rated in Figure 2 1 Shrinkage deflection

separately

. fc
R e
| |
5 X
14
s
! i
i
x|
+— d
h!
: /
AR
|
|
—— B
| [
| I h-x
| foHlgr)
| ANA LS o B
P U AU Y
Figure 2.1 Stresses through depth of concrete section -
aliowance for tension sti‘fening
The tegitimacy ot the apptication of moduiar ratio
technigues to the caicutation of lang term sectron
* propertias and defiection may be doubtfui it s often
cltaimed that the cP110 catcutation tends to
underestimate tong tarm deflactions bacause the
tncrease in aa and dacrease 'n Ec with creep have a
canceliing effect. Comparison ot measured detfiections
with CP110 calcuiated dufiections tends to cenfiorm
’ 7
‘h‘s(e)( )
8
- e P T P R “MM




h srm ocatering for tension stiffening (equatiron 2 43
18 ¢ rigat and s not reiated to the tevail of appiied
momei. ChHa s Mg iimit the range of applicabiiity of

this me . "ad because concrete tension zone cracking
incresses (1 @ tensian stiffening decreases) with an
increase in applied moment
23

2.2 ACt 318 - 1983

The previsions af the ACH code are based upon ine
experimantally derrved moment-curvature ralatranship
tliustrated on Figure 2 2 From th:is figurs 1t I8

pvident that an abrupt! change occococurs at the point at

which farst coacking OCours in the concrets tension
zaneg Yp to th: . poant {tsr Y 18 proportionai to ‘/‘tr
whera 'Yr 1 s ths moment gt oinertia ot the unhcracked
transformed sact un Thereafler (Y4 ) s proportionat
to (!/wu} where (E 18 an efiect:ve moment of tnertia
allowing for cracking n the ¢uncrgts tenszian zone tn
Firgures 2 2 (1/:63 15 proportional to the siope of the
fine joining the orig:n and point a’ ie vari+es with

the magn:rtude ot thae appiiad moment and 8 calculated

by egquatian 2 7

3 3
¢ M ) §
or or |
! E R ' D B [ z o
L 9 |
M } M !
. a \ a
W
wheaere M = ogpptiad moment
a
moment at first cracking
Cr
i secong mament of area of gros
9
concrete section
! s osgoond moment of aresa of ty y
cr

cracked section




The term catering

18 empirical and

momen { This may

tor tension stiftening (equation 2 4)

s not reifated to the ievet of appliied

timit the range ot applicabi ity of

this method because concrete tension zone cracking

increases (1 .e. tension stiffening decreases) with an

increase tn appliad moment
¢

2.2 ACH 318 1993

The provisions of

expe r.entally derived moment~curvature tetationsh.p

rtiustrated n Figure 2.2 From th:s figure it 18

evident that an

abrupt change occurs at the point at

21

the ACH code are based upon the

which first cracking occurs tn the concrete tension
zone Up to this point {(Y/¢) s proportiionai to t/\tr
where e vs the moment of i1nert:a ot the uncracked
transformed sectinon Thereafter (1403 s proportional
to (|/\a) where s oan effect:ve moment of snertia *
atlowing for cracking 1n ine conuswié itans:on rone. in
Figure 2.2 ("‘,) 18 proportional ta the siope of the
itne joining the ori1gin and point "a’ 'e varies with

the magnitude of

by equation 2 7

where M B

the appiiad moment and s calcuiated

{ 3
er i
) P R S T [
9 | cr
M
a

appited moment

mament at tirst cracking
second moment ot area of gross
concrete section

s8cond momaent ol area of tulty

cracked section



M
Then (\/rl' = — (2.87
Ed
e
and L = 13 (1/()‘I’ (2.9)
1 [
r g
" . (2 107
cr
"1
where f{ = modulus 0! rupture (tensiis strength)
of concrets
¢ = 0,74t 2. 11
¢ o
where tc' = characteristic concrete cylinder
strength

0 1/¢  (curvature)

Figure 2.2 Moment curvature relationship for re:nforced

concrete beam
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In sguatirons 2.7 and 2 10 1(( has been replaced Dby the

st.ghily smatter ‘g' probably to simplify calculations.

Additional ltong term deflection s calculated by muiti~

plying a by 1

A = t2.12)
Yo+ B0t

(8
The quotient in 2 12 s Branson's coefficient 8 cater-
ing tor compression reintforcement Factor Q 18

specttied in the cods
& = [T A B (2.13)

A‘ thus calcutaied includes shrinkage. NO a:1o0nance 18§
mage for the separate caicufation af shreinhzges and
creep, NDY 18 any provision made for the introduction

of a measursd creep cosfficrent.

The use of an sffect ve moment of 1nertia gives very

good resul ts n the catecutation of short term
detiections The appilication of a single muttiplier ()
to short term deflection to derive long term defiection

presents 8 gross oversimplification of the s tuation

in defence of the code, however, 1t shouid be noted
that accuracy has been sacrificed for simpiicity, and
tt8 provisions are certainiy easy to tnterpret and
applty. 11t was cieariy never the intsntion of the

authors to provide a sophisticated caitculation method
for criticat detiection s:ituations

C5)
An approach described by Nevitle 18 very simylar,

but relfi1es more on measured parameters




From Nevi il

1 = ¢, B4t (2. 14

i eyt
where ,cyl = average Cylinder strength (measured)
and 5y = a 01 . KO.t3 2.10)

where K* t8 an esmpiricAat factar

Nevitle suggests that for creep (1.8 shrinkage exciuded)
the folltowing expresssons may be adopted for K.
G,85
- s 0. 007 Lo, E e (2.163
oy 5047
€83
{adopted from Branson 3
o > Q.007
SO100 s )
a
K T T — (2 171

{9y
{adopted ftrom Maver 1

Tt s also rscommended by Neviiie that shrinkage be
“ calcutated segarately, aithough Branson{a) has suggested
: that total tong term deflect ion (including snrinkage)
can be calculated using egualtion 2 16 by changing the

0,8% factor to V.0

The range of applicabii ty of Neviilte's recommendat . on
i§ tmproved by the use of diffsreny factors for
drfterant ;. vaives, hbut 35 stiiil severely {imiled
y
12




Consider K. for o = G, 007 = EN
Take me = 210730 = 7 (typicat value}
From 2 .16 K. = 0,630
From 2 17 K‘ = 0.082
The discreapancy speaks for 1i{seit
(103}

Other methoes of catgulating ‘e do exist but give
assentially the same result an gvaluating short term
defiections

8
2.3 SAICE RECOMMENDATION - PRETORIUS

The Defiection

Sub-Comm:ittee of the Structural Oivision

of the Socuth African tngtirtution of Civied Engineers
recently puttlished a8 report i which a drfferant
approach to fong term datitscrion calculation ts
advocated The meg P hod t 8 basad upon modutar ratio
technigques and the development of strains due to creep
tn the fully cracked concrete section.
Figure 2.3 :ilustrates the :dealized strain distribution
through a tully cracked, singly reinforced beam C!
repressnte the concrate creep coefficient at time 1t .
Equating simitar triangies:
x‘(| + C(J
xt = tz2.18)
€Y v x c




xid

! £s .Z
e

Figure 2.3 t9eaiized strain drstiibution through beam

sectian {instartaneous and long term - futly

cracked section)

From the cracked transformed section (using modutar

ratio technigue):

ks
*y
« N (2.19)
et
. N
206 xt)
i can be calfculated using « from 2. 19:
cr 8t
2 3
| b
Ceed * Xy
= — - (2.20)
Th 2 6
14




[ t [
and sn— = — (2.2
(EH ) a o+ 2x C/7(3 -~ x 3
cr t ' t ot i

For sections with compression steel more complex
eguations ars derived. Howsver, for simplictty t 18
recommended by Pretorius that equation 2 21 be used

with an adjuated Ct girven by

[o = c,. 1 - p' /{253 (2. .22

No recommendatiocn 18 made for the separation of shrinkags

and creep effects

Trnis calculation method has been shown(G) to give very
good resutts 1n p adict:ing total long term defiections
using a measured prism creep coefficient or a creep
coafficient determined by the method of reference (113
Howevar, soveral important facts are overicoked in i

derivation

13 The method 18 derived from the compietely cracked
beam sectinn. |t 15 generally accepted that some
aliocwance should be made for tension stitfening
{(This issue is discussed tn more datail in
Chapter 33

29 1t has been shown{l)(’Z)(‘a) that creep 'n the
extreme comprassion fibre 18 somewhat less than
that measured on axialiy toaded prisms This
suggests that C' should be factored (by a

vatue tess than unity)
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Creeg coeftficrent 18 used to predict total
defiection (1. e creep and shrankagel. As noted
vn Chapter 1, the effects of creep and shrinkage
should 1deaity be sepasrated f the coeffscrent
approach 135 used Creep coefficirent should be

used to predict creep defliecttons ontly




3. DERIVATION OF PROPOSED CALCULAT.ON METHOD

Possiblty the most significant craiticism that can be

made of existing methods of tnng term defisction
catculation s that thesr derivation 1s too reliant on
exper mental observation Few attempts have been made
to correlate the observed results  with theoretical
cafcufations. As a result these methods are unlikely to
be unitversaliy applticabile The gerivati(on of a

calcutat:on method compatibie with both theory anrd

observed resuifts appears to present a logtcal approach
1Y wider applicabit ity 18 to be achieved,
The fotlowing genaral nbservations have been made N

73,01 . .
the research resutts studied: ¢ 23,13

(1) Plane sectiaons across the depth of the reinforced
concrete elfemant remain essent:ally ptane atter the

apptication of ltoads

{2) Creep resutts 1n an (ncrease in neutral axis depth.

{3) The creep co+~fficient ;1n the extreme compress:on
fibre (measured as creep stra:n divided by initral
strain) is somewhat fess than that measured on
untformiy loaded control prisms n the same storage
environment Bayazid and Pauw concliuded from
tests on eccentricaliy loaded prisms that the
application of a triangutariy dristributed stress
(as opposed to a uniformiy distributed stress)
makes no difference to the resulting creep
coetficient The reduced creep coefficient in the
extreme compression fibre must therefore resuit
from the stress decresase n tha extrems fidbre
caused by the ncreased nesutral! axis depth

accompanysing creep




[SD]

Measured strain at the level of the tension
retnforcement 15 initally much fess than the value
calculated assuming a completely cracked section
(usi1ng moduiar ratvo techniques), but very rapicily
approaches or exceeas that value under the
applicat,on of sustained iocading Tnts effect must
resuit from the rapid deveiopment of cracking n

the concrete tens:on zone.

tt 18 unikely that crack deveiopment 138 due to
creep atone tt 15 probably due to a combination

of mechanisms which include:

(G increased tensiio stress 1n the concrete
resulting from the lowering of the neutral
axis accompanying creep. (The greater
neufral axis depth results in a reduction
in o the lever arm of the (nternal forces
reststing the appilied moment. With a
reduced lever arm larger forces are

required to ressist the same moment)

Gyl A reduction in the eftective concrete

(1), 019)
tensile strength with time .

1113 Shrinkage cracking caused by the reintorced
9
concrate elemant being restrained ar
partiatly restrained at its supports and by

the tansion reintorcement

Stnce the attainment of the complietely cracked
cond:tion s aniy partialiy dependent on chncrete
creep. +t may be sufficient {o consider creep
effects appilied to (e compiote!y Cracked section

tn considering strain development under long term

-




isading. Thes approach has bean adopted by

Pre'ovnus(S)

St.ains through the depth of the completely cracked

are shown schematically in Figure 3.1, Load appiica

results sn tnithial strains € and € tor ¢ 3 in
c 5t 3

section

section
tron

the

extreme compresston fibre and at the level of the tens:ion

retnforcement respectively With creep the strain in the
extreme compression fibre becomes € = (1 o+ 4 JE L
¢t ct’ e ct
18 the creep coefticient 'n the extrems compression
fibre at time ¢ The neutral ax:s depth increases trom
x‘d to x(d with creeap. x represents the ratio of
neutral ax:s depth te the eflifective depth ot the

| Ect=(1+9"ct)ec |
Iv Ea
A

i i

.
4 .
j

L Estegsins |

Figure 3 1 Ildeailized strain distiaibution through

fully cracked beam section

it has been assumed that ihe tensite stra:n at the




tevetl ot the tension reintforcement 18 equal 1o the

cracked section vaiue and 13 unaffected

by cteep. [

practice the tensile strain increases marginaily due to

the itncrease 1n neutral ax:is depth accompanying cresp

At the same time however, 1 's probable that some

degree o1 tencion stiffening (howsver

concrate n the tansion zone rema.n-

smail) by the

The tncreased

tenstie strain may be who!i1y or partially offset by the

res dual tension stiffening effect. The assumption of a

constant tensile stran equai to the cracked sectian

vaiue thus appears reascrabie, eaven

guantitatively unsubstantiated

Considering Figure 3.1

though [ [ 3

Curvature = v/ x 4 fogeflection?
€ + €
c [
€176 = et it ra
t
[+
€
fer * s
{1710 = €3
t
g
€ [SR I + €
[ ct 13
N T i3
d
Theretore:
€ [SR T + €
[} ot 5
(\/r)t/(ilr]‘ B [ — 3
£ + E
[ 3
20

th

31
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"*t represents the creep coefficient 'n the axtreme

compression fibre, as distinct from .rg‘ the creep

coeftficient measured on axiatily toaded specimens

€
5 [N
— s — (a.5)
d - x]d x‘a
€ = € (1 - % }/x (3.8
11 o § i

Bubstituting for Es tn (3.47 grves:

8, /l 4 = (!/rJ‘/(lir)‘ = 1 + x ¥ 3.7

The above provides a simpile method of calculating long
term deflection (a‘) from the in:tiat cracked section

deflection L3 J provided '.ct 18 kKnown
i

it o wnown that "ct becomes progreassrvely smatiers

than the measurwd prism creep coefficrent (.ct) as the

neutral axis depith (ncreases :.e as cree8p progresses

t861
From Prelorius fdearived by considerihg simitar

trigngles 1n Frgure 4.7 ):

x (1 o+ 4 )
i ot
it E (3.8
1o x L
' ot
M (moment) F0.8 1 b our ok (- ‘/3)

¥
where d(1 - fob e the tever arm and 1(: t8 the sxtreme




compression ftibre stress. Since M s constant (M‘ = Mt)
ot x (1 - s
ot ' 3
= 3.9
X
f - [
e ! 3
Substituting tor xt rn (3.9) gives
f [EKEEE S P S R [ 13
ot ¢ ' [
= 3,100
of [ (3 - x o2x 47 J
[ t + [
The reiationship o f t3.10) s not as simple as 1
appears at tirst sight "ct [ not a constant but
fncreasss as creep teokes place (ow as OC‘ ingreases’
However ((clt decreases with t.me, so that cresp in

the beam octurs under candirtiong nt reducing stress,

with the resuit that Q‘C decreases below the varue of

.ct A numerical solution to {3.10) is applied here .
1t we take x o= 0.4 (typicat valuye) then (3. 10J reduces
to:

('C)! 2,801 + 0 QQ’C‘)’

s = 3 1)

(fc)‘ £y v & ,t)tz'é + 0,84 ct)
The snlution [ derived by consiger ing ingreasong
values of OC‘ from QC‘ = 9 1n a stepwise fashion, and
wiltl depend on the Z.LY values useg - smaller vrtues
will give greater accuracy it % sd51 80 1O axprass
Cvcllf(fcl‘ a8 a tunction »f 4 than 4% a turction af
time tor catcuia’®ron purposas [ canvenience this
ratioc 18 expressed as 5. (stress ratio at creep = &)

it 15 necessary to conssder & number of creep (ntervols

e
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..

of magnitude

A.C‘ During the first interval O'C musg ¢

have the same value as ¢ as (f ) AR = (1. e

creep must

ct ¢t o

cCcur to tnduce a stress reduction in the

beam extrene compraession fibre)d

For exampie

n & = .
using OC‘ 1.0
and thearefore + = 1,0 E
¢ [
From (3 113 s = Lf Y /0t ) = 0,749
1 [ [
For the second persod of creep fas & Iingreases from

1.8 to 2.0
compression
the stress

the inittral

*
‘e ¢ 2
"ca
Usi1g .‘c?
2
Then ¢ e3
-

'

ct
the creep coeflticient 1n the beam extrems

fidbre wiil ingrease froam 1.9 te 1,749 as
n the extreme fibre 18 reduced to 74,8% of

stress

el ct

3 a0 + 8 &

Q ct 1 [ Xt
\.ct (30 8D

~
w
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R ¥
= 2,432
nd # k4 3.0 = .
a c3 ‘.c! 3.0
Values of ¥° R Versrsus et cidculetsd using g tfe. ant
4
noc! values are Jisted :n Tabie 3 1 ft 13 svident from
the table that .‘c! s retatively insenstive to the
A'ct valus used provided ssveral catcuiation cvcies
have besen performed
Tapite 3.1 %7 calgulated for diftferynt ad
ct <t
vaitues (x S, 4
f
Measured prosm cresp coefiicien. ‘ct
m'cz
1 2 3 4 5 ]
Y 1,000 1,749 2.432 3,081 3.708 4,320
0.8 0,618 (-2 2,338 2,980 3,808 4,717
o, 0.86%8 t.598 2,270 2,614 3.538 4,148
0,61 0,858 1583 2.287 2401 3,524 4,134
From the above déscript:on of the calcuiation method 1t
(-1 evident that ine "ct vatue derived [ an
upper-bound valus For wsach craep per.od considered,
be -~ extreme fibre creep 3 calcuiaisd ftrom the 5tress

crtso (s ) appiscanie at the start of that period

Sing

over

in oo
meth
solu

the

e s' decreases with t.me, extreme titbre creepn (-3

estimated

rgar to svaluale the accuracy Gy othe calcuiation
od o4t s atso necesgary to der i ve a jower~bound
tion Pt we calcutate beam extrena fibre creep from
stress 7al:o (s.] appiicablte at the ¢pd of each

4

vi—

e e e



creep period:

Then: #' =
c3

and 4+ =
en

For the upper-

on

1t the drittere

denoted by &:

Strictay spaa
tuwer-bound so
3 12 and 3 13
values 1n 31 13
corresponding
tnat

these val

sotution of 3

Consigdering

O'C {1ower-bound) =

t’ct (61 + s, 0* 53)
+
A.C( (5’ vosy, sn) 3 123
bound soifution:
aoct (50 s 5 ~t) (3.132
nce between the two calculated vaiues 1
L {s - 3 14
't ° £ Q%] i
king, "CY ditfers P the upper and
futions, $0 5\ must ditfer n equations
] decresses as & increases, sC s

+

{upper-bound) shouid De

smatier

vaiues rn 3012 {lower-pound)
ues are equal produces the
T4
some sxampies:
1,0  prasm = 3,0
2,432 (upper-bound)
O I L Lk L B
0.38
i A432 - Q, 351
so2.081
25

¢
than the

Assuming

conservative




[

[N] The actual vaitue of O‘( I es between 2,081
and 2,432

ad = 0.1 4 praosm = 4,0

(The value quoted 2etow for s is taken from a

n

computer print-cut The jarge volume of these
prent-outs makes their repetition here

impossibie)

"C (upper-bound)] = 2,914

EIN = 0,632

SG = [

5 S 1.0 - 0.832)
= 00,0368

and O'C {lower ~bound) ¥ z,914 - 00,0388
= 2,887

Approx imate pearceantage orsor

0.5 0,0368

G.5 (2,914 + 2,887

e 0,6
L = G, 00 ¢ prism = 4,0
.'c {upper~bound} = 2,800
3 w632




SO = 1,0
§ = 0,01 (1,0 - 0,832}
= 0,003868
and O'C {tower-~boundg) = 2,897
Approximate percentage error e 0,08
Ve providaa JOC! [ small enough, the dgrfference

between upper and lower-bound solutions s negiigible

Aill subseguent calcutations use a aoct value of 0,01 A
tow value 18 used pecause the calculations are computer
processed. From the above assessment +t 15 evident that
a much higher vaiue could have been used w:thout a

srgntticant reduction «n accuracy

The va.iation of "ct with x, s examinsd 1n Table 3 2
t 158 ayvident that the magnitude of ‘\ has some 1mpact
on the resul* and myst be taker tnto account on

catculat:ons

Tabte 3 2 "ct cafcutated tor dcfterent x

values Cat = 0,017
et

Measured priosm creep coetticient (] '
-
Xl
1 2 3 4 & 6
0,2 0,795 1,808 1.947 2,440 49058 3,348
0,3 0,826 v.a97 2,103 2,671 3,215 3,741
0.4 0,856 1,583 2257 2,901 2.524 4,138
0,5 0.886 1. 668 2.408 KINR a] 3.82% 4,515
0.6 0,913 1,748 2,581 3.336 4,110 4.876
27
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in Figure 3.2 .'c! 1s plotted against .ct for ditferent

values of x Using these curves the calculation ot

tong term defitection {exctuding shrinkage) s reduced

to a simpie procedura:

[ Calcuiate xl and o for the completely

cracked section

(2) Determine ¢
et

or by a proven calcuviatron method for the

{prism) by dicect meas ‘remeant
concrete mix used in beam manufacture.

£3) From X and 'ct determine §° using the

ct
curves of Figure 3.2 {itnterpotate between 4
values where appropriate. The curves ars
approximately equaliy spaced, so accura.e

interpotation 18 poss:ibiel

{4) Then s z €1 +ox 4 )5' {3.18)

tn conclusion, several points should be noted regarding

the applrcation of the above method

This calculation mathod has been deryved from the com-

pleleiy cracked section properties and shoutd on'ly he
appited to concrete sections which are at least part) -
atly cracked under initial ioading This Jimitation [
not as ser , o0us as o+t tirst appears as deflections are

uniikely to be critical n substantialily uncracked

s8ctions .

Shrinkage has not been constdered n this avaluation As

noted +n the initroductery chapter. shrinkage affe: s

-




- 0 i . i L N
0 1,0 20 30 40 5,0 60
¢ct ’
Figure 3.2 .'c! versus .ct (praism) for different %
values
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shouid be separated

tent approach is used in long

tion. Shrainkage deflection

indaopendentiy of

above 15 used.

itom thase of

term deftlection

creep deflection

creep 1f the coeffic~-
caicula-
must be catculated

the method der:ved

This catculation method has teen derived for singly
reintorced (i . 8. tension reinforcement oniyl
rectangutar beams. For sections containing compression
reinforcament 1t may be possibie to modity the calcu~
fation metnod 'cl Lorism) could be factored by
Branson's CQG"\C!QH((S] 1/C1 ¢+ §0p') ~ experimentaliy
derived) and the reduced value used to derive "ct trom
Figure 3.2, Then at can be dgatermined using squation

3,18,

The use of Branson's

by comparison with sxper mental

3o

coaflicrent

requires substantation

results.




4. LABORATORY PROGRAMME

A proposed method of tong term detflection catcuiation

has been presented in Chapter 3 This maethod s based
on a theoreticalty derived creep-dependent strain
deveiopment AaCTO8Ss thre beam depth. The specific
obiective of the faboratory programme i3 to provide
exper imental data for comparison with the proposed
catcutation method It +s necessary not oniy ta compare
measured and caicuiated deflections, but alsoc to ver:fy

the theory upon which the calculation method ts based

The tests performed may be divided into two categories:

1) Measurement of material! properties required far

tong term defiesction calculation.

Cube strength, etastic modulus, free shrinkage
strain angd creep strarn ware measured on concrete
“econtrolt praisms Concrete tensits strength
(moduius of rupture) was not measured. Where this
parameter 18 required n defiection calculations
a method of calculatson {(from compress i ve

strength! s generaily prascribed.

1t was not ceemed necessary to ve: ity the def-
lection retated properites of the steetl
reinforcement by tests All test beams were
reinforced with high yield bars with a nominat
yield strength of 450 MPa. A value of 210 GPa s
used n all calcutations tor the eslastic

modulus of the reinforcement

23 Measuyrement of midspan strarns and deflections on

test beams

31
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Shrinkage strains were measured on a single
pre-cracked singly reinforced beam (Mk AW)
Shrinkage defiections are calcylated from these

measured strains

Long term defiections and midspan strains under B
sustained loading were monitored on tour ‘
reinforced concrete beams, two containing tension
reinforcement only {(Mk Al and A2} and two

containing both tension and compression

reinforcement (Mk B! and 82)

4 1 TEST SPECIMENS

All test specimens were made from the same mix design .
Mixing was undertaken on two separate occasions and the
specimens from each mix are 1dentified as Mk A and Mk 8
tespeactivaly Cantro! spsci:mens ftor the measurement of
concrete properties retevant to fong term detiection

calcutation included:

1) Twelve & inch cubes for compress;ve strength
tests Three from each mix were crushed at 7
and 28 days

(23 Six (three from each mix) 200 x 100 x 100 mm
prisms for the measurement of t:es shrinkage
stramn.

(1) Twelve (8ix from each mix) 200 x 100 x 100 mm
prisms for *the measurement of slastic modulus
(Maasuraments we-e made at 28 and 210 days)

(41 Twailve {(si1« from each mix) 200 x 100 x 100 mm

prisms for the monitoring of creeap stran

Five reinforced concraetea beams were constructed Faur
2200 mm fong beams were used 10 the defiection tests
32



under susta:ned load and one 1500 mm long beam was used

for the monitoring of shrinkage strains at mid,span and

the subsequent calcutation of shrinkage deflection

Because of warp tn thay timber forms it nas beean
neceassary to base calcutations on the actual beam
gimensions rather than the nomnai cross-sectional

4. mensions of 100mm x 150mm. Actual beam dimensions are
derived by averaging measuremsnis at midspan and at
400mm on either stde of midspan. Beam cross-sectians

are shown in Figure 4 1

154
152
152

All bars Y10

B: Bz

‘4

L d

L ]

[

L J
ZO(nyﬂ L

154

100 (typ)|

Fraure 4. 1 Test beam details
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4.2 DETAILS JF MANUFACTURE

A normal weight conecrets mix with a 28 day design

characteristic cube strength ot 25 MPa was used in the

manutacture of all specimans An above average water
content was requirasd to achieve suitabie workabsiity
Mix design detatis are given tn Table 4 1 Mixing was

undertaken on two separate cccasions (18-08-85 angd

24-06-85) and on each occasion 3 batches were mixed [l
a 100 i{1tre pan mixer Cubes and pr.osms were cast tn
stect moulds and the beams tn timber torms Al

specimens were® mechanically vibrated.  After the forms
were stripped (Y became evident that a siignht girout
loss had occured in both heams and prisms at the joints
in the torms This was probabily due to a shortage of
fines n the sand . A concrete stump of A&mm was

measured tn the single test performed

Table 4. ' Mix constituentsy
3
OPC ex Anglo Alipha, Roodepooart 395 kg/m
Weathered granttes pirt sand 988 kg/m3
12mm crushed quartzite - ex Hippo

Quarries, East Rand 750 kg/m3

s 3

Water 236 1/m

Cement/water ratio 1.67
.
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Prisms and cubes were removed from their mouio  after 24
hours Beam si1de forms were stripped after 48 hours ATt
specimens were cured for a period of 28 days from the
date ot manufacture, the controf specimens n a water
path at a temperature of 22°%C and the beams under wet

hesssan and pltastic sheets {Temperature was not

ure 4. 2 Location of demec targets on beams and

prisms

150 (Nom )
x

NOTE
J - Turgets fixed 1o two
T opposite sides of
S gl beams and prisms.
Ll
|
1
100

RE

-




controtted during beam curinyg. but varied between atout

10°C and 25°C).

Dur:ng curing aluminium targets were glued to the
prisms and beams for subsequent stran measuraments
using a demountable mechanrcal {(DEMEC) strain gauge
The tocaiion of the targets s shuwn in Figure 4.2 tor

both the beams anc prams.

4.3 TEST PRAOCEDUAE

4.3 11 CONTROL FP!3MS

Tubes were crushed n compresatve strength tes s n
(183

accordance with SABS Metnod 863 5 at 7 and 28 days

after manufacture Three cubes from each mix were

crushed on gach occcasion.

Etastic modulus was measured 11 a8 creep frame over a
stress range of § MPa at 28 ang 210 days. The 28 da-

test was pearformed on welt prisms and the 210 day test

on dry prisms whiuoh had been stored i n the same
enviianment as the creeg and shrinkage prisms St x
prismsg from each mix waere tesied 6n gach 0ccasion ineg

same prisms were useg n the two tests

The opposite ends of the shrinkage prisms were wax
sealed on completion of curing to simulate the exposure
conditions of the cre8p specimens Creep prisms were
focaded to a stress of 10 MPa (approx:mately one thirg
of compressive strengthl) 1n the creep frames (see

Figure 4. 3)

38




Figure 4.3 Prisms under load in creep frames

S1x priosms were loaded :n sach cresp frame The creaep
frames were hydraulicaily ionadad using flat jacks The
creep and shr o iwage prisms were stored 1n 8 controlted
gnvironment at a2 temperaturs ot 22°0¢C and retfative

humidity of 60%

3 4.3 .2 TEST BEAMS
The four 2200 mm (ong beams were tested inoa single
steel frame. Thnis arrangement t5 shewn in Figure 4 &

toads were applired horizontaliy by hydrautic jachs The
beams of each parr (Mk A and Mk 8) were loaded agains!?
sach othsr as shown n the protosgraph of Figure 4 5.
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Figure 4.5 Detaivis of method of

foad appircaltion

PA - BS) OF TEST FRAME
09 BAR
,//—
- 5 o6 PLATE
__;::A_QT ba
PLAN
//-206* BAR
o
¥ LOAD
e /’/‘////
| g
H b PLATE
SECTION  A-A
Figure 4 € Support getari of beams under fong term joad
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A toad of 10 kN was applied by each jack. This (esulted

tn a maximum applied moment of 3.5 WNm The ioad

arrangement s shown in Figure 4.7 The design ultimate

moment (CP11Q) for the singly re(ntorced beams 18

approximately 6,0 kKNm. This reduces to a moment of 3.8 i

kNm at working stresses by dividing ~y a tive ioad *
tactor of 1,6, A transverses (vertical) moment of 9.20

KNm was tnduced by the beam setf weight The sffect of
this moment on strains ts deemed negligible as midspan
strains are averaged from readings taken on both faces

along the beam depth.

0
o

50 700 } 700 | 700 } 50

2100

P = SkN

Figure 4.7 Beam Loading

The beam used for the measurement of shrinkage stra ns

(Mk AW) was supported @t 1ts ends on a bearing plate

and bar arrangement . This arrangement 18 shown in
Figure 4. 4. Note that beam Mk AW  was suppourted
horizontaily as wers the beams n the test frame No
deflection measuremenis wet s hade O this Seam

Deflections are cafcuiated from measured strains.

All beams were stored tn an environment of “controlied”

40
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temperature (approximately 22°C) but variable relative
humidity. No continuous record was kept of retative
humidity, but frum peariodic measurements made [
appeared to vary between 35% and 60% depending on pre-
variing weather conditions By far the greatest
proportion of creep and shrinkage occurred during the
4ry winter months and an “average" ralative humidity of
40% is used in aft calcutations. Creep and shrinkage
measurements made on control prisms are adjusted for
relative hymidity and specimen 518 i dafisctron

calculations {(See Chaprer 5 and Appand:ix D.

1400 50
|
»:}\\
2{,
SEE DETAIL 1~ >
A
! o~ 04 BAR
! :“—::mms
‘.//'20¢BAR
ey G PLATE
DETAIL 1
Figure 4. 8 Support detail of shrinkage bsam Mk AN

4.4 MEASUREMENTS

Each set of measurements consjisted of s3train

41
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measurements on creep and shrinkage proams, deflection
mensuremants an beams unde sustained toading 8nd

midspan stirain measurements on alt beams Al foads

were applied at 28 days on compfetion of curing. A st

of measursments was taken immediately after tocading .,
after three hours, dariy for ane week, weeskly for one
month and monthiy thareafter up to s1x months agfter the

end of curing

ap




5 TEST RESULTS
Test results are tabulated 1n appendices A to D In
order to Cimi t the quantity of data presented,

meastrements made in the frrst month are not reported

here.

5.1 CONTROQL PRISMS

tt is not the objective of thits study to evaluate

dirfferant methods of predictiing the caoncrete properties
required for iong term defimction catcu'ation. riowever,
these properties had to be measured for detisction
calcuiation and some comparison with expected or
predicted values [ required tao #nsure that the
concrete mix used exhibits no ancmalies which may grve

a btas to any conciusions drawn

4.1, 1 COMPRESSIVE STRENGTH AND ELASTIC MODULUS

Average results for toncrete compressive strength and
elastic moguius are given (n Table 5. 1. Time refers to
time n days after manutfacture ard shoutd not be

contysed with the time after loading or time after end

of tursng 1n creep and zhrinkage tests respectiveily. |1
is cisar that no penef:t can be os' 1 ved by considering
deftarant propscties for the two mixes., and it [

therefore proposed to use an aiastic medulus (28 day

value) of 21,5 GPa and 8 :B day compressive strength of

32 .4 MPa o a3l subsegquent calculations Where concrete
cytinder strength 13 used 'n calculations 1ts valun 'S
astumed to be BO% of the cube streng.h (Nevilie (\6))
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Tapte 5 1 Concrete Properties
Concrete Compressive Strength Elastic Modultus
Props. (MPal (GPal
days 7 28 28 210
M ox
A 1,94 32,20 21,0 27,7
8 14,98 i2.81 2,0 27.,%
[
Davis res :nvestigateg the rate of (ncreass of cube

strength tor South African concretes made of Ordinary

Portiand Cement A valus of 0,70 was measured by Davis

tar i7zf25 as compared wrth an average value of 0,82
from Tabte 5 ) above

Eltastic modulus vaiues are considerably tower than
tpse predicted by various methods as {isted in Table
5.2 At predicted values are calculated from the

measured comprassive strength of 32,4 MPa at 28 days

Tabie 5 2 Measured and predicted vaiyes of moq us ot

eiasticity (At values 1n GPa)
Ec PREDICTED
. B
Measureaqa CP1I0 v ACH Davisg CER
(8] 1
20918 RS raret'Y?
21.5 28,7 25,1 27,9 28,1 |
N
}
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The tow measured value of efastic modulus ] not
aitogether unexpected Aiaxander(ZO) has noted that
weathered granite pit sand generally produces concrete
exhibiting a high water demand and low 28 day moduius,

and certain quartzit,c coarse aggregatss nave been found

by Dav:s ang others to yireld low concrete etlast:c
moguly
The rate ot increase of slastic moduius with time

appears abnormalily high From the Cement andg Concrete

y 11
Association Uevelopmont Report 3( .

= (0,4 + 0,86 f /¢ 1
E’ 228 0 ' 283 [ J
which gives a pregicted moduyius {using a “typicat®”
value of 1,18 for 1‘f1283 af 23.4 GPa at 210 days
Contrary 1o common practice, the 230 day test was
performed on dry prisms The high elastc modutus
vatues probabiy resull from the increased  concrete

strength accompany ng drying

Since etastys modutus varies with time, the selaction
ot an E value for use in catlculatrons poses a proftiem
it appears togircal ty use the value of E at the time of
loading 'n 'mmediate detiection calculations and this
approach I's agdupted by coues However code
recommendatiaons vary tor tong term detflection
calculation CP110 makes no specitic allowance for the
vartation n E but appears to advocate the use of the
vaiue applicabile at the time ot foading A stmjar
approach ts adopted by ACH 318-82 CEB-F P \9/6“9)
refates vreep stra - n to the 28 day £ vatlue The tormer
approaches (CPI10.ACH)Y are preferread as a measured Ccreep
coafticient wi il have G n inharent corraction for
changes n E attar the applrcation of toad in this
thvestigation the probiem s el iminated by the appl -

cation of !oads at 28 days
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5 1.2 BHAINKAGE

Measured shrinkage strains ars tabulated 1n Appendix A
Because the gre B warae stored in a diftferent
environment (rstative humidity) to the beams, and the
volume/surface ratio of the prisms 1y different to that
of the beams, i1 18 necessary to modity trhe measured

cresap and shrinkage characteristics tor the calcuiation

ot beam detiections The recommendations 1 ACH
[IRE:-B]

Committes 209 are uysed for (he modifscation as they

daal with these etlects rndividuality and by equations

{rather than charts) which are surttable for computer
appltications The retevant equations are repecated beliow

for referance

~0,00872 v/s8
¢

: = 1.2 5. 2)
Vs
where -~ . '8 the volume/surtace adjustment factor for
v
strnhage, and v/% 18 the volume/surface ratio in mm
* = 1,40 -~ 0,010 for 4G & 1 $ B0 (8. 33
er + = 3,00 -~ 0,030, tor 80 ¢ 3 ¢ 100 (5. 47
where 1 1$ the retative humigity adjustment tacior for
v
shrinkage and » 15 the relative hum dity tn porcent

Free shrinkage stra)n calculated by varigus methods 18
compared with measuresd shrinkage strain n Table 5.3
The values !isted 1n the tabfas under "measured” are the
averages for the six shrinkage praisms (tnree from each
myox ) Stran gauge medsureaments ware made an two
opposite faces of each prism, so that each strasn vailue
quoted represents the avarags of tweilve measurements
Time refers to the time elapsed since the end of curing

in this tabie Values &re not given where resultls are
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"abte 5.3 Catculated and measured free shrinkage (n

units of microstrain)

Tims Cdays) | 28 60 99 120 180
ACH 209 253 342 381 420 454
ces 197022 se0 146 493 531 550
CEB 1978 215 278 314 27 359
C o8 cA3 - - - - 325
Weasured

{Average) 318 474 538 5§38 619

too ciose to be affectively separated i1n readiag from
curves Tie va doty of e C8CA 2 result 18 doubtful as

1t derivation reqguires considerable extrapotation.

The measured shrinkage strain 15 underpredicted by the
catcutation methods used Tr mix used undoubtedly
exhibits high shrinkage, but consigerable scatter ot
measured results about the norm (%] generaily
axpacted(‘s) Tt kas also pbean noted by Nsvw!te“S)

that concrete made with grantte aggragate may exhibit

above average shiinkage . in ertensive tests
2ty

Alexander " has found that the CEB-FiP (1978) method

gives good results tor South African concretes Bakoss

?
[ a!{ ) maintan that the higher predictions of the

ACH 209 recommeniat i ons gqive better resuits for
Auystratian concretes The gdiscrapancy bhetween the
measured and calculated valtues emphas: zes the
importance ot making prel minary measurements A

concrete propefttias for defloction sensitive structures
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Shrinkage 18 expressed a- a tractron of the 28 day
shrinkags +n Figure 5. . From the curves 1t s evident
that the rate of i1neresase of shrinkage stra:n can be
more accurately predicted than the ullimate shrinkage
strain. Uitimate shrinkage shouild bLe predicted from

short term testis where deflecticons are ritical

25
2,44
2,34 g
2,2
2,1 4 -
s 2,04 /
o
o "
AR A
£ 184
& o174 / '
Z 164
o
s 1.5
b=
L
X measured
A o ACD 209
1, a (EB 1978
11 a (EB 1970
10 h T
120 150 180
Time {days)

Figure 5 1 Measured and calcylated rate of shrinkage
{axpressed as a fraction of 28 day

shrinkage)
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§.1.3 CREEP

Measured creep strains are tabulated n Appendix A

Again the measured results have to be mod:«fied for

retativo humid:ty and specimen 5128 (by ACH 209
recommendations) for application ] beam deflection
catcuiations The modifying equatione are repeated
beiow

. s 0.87C1 4 1,13 70 02IVISY g gy

vy

Y = 1,27 - 00,0087 > 80 t5 . 813

Totat strain (shrinkage and cresp) was measufed on each

prism Creep stramn 18 calculated by deducting measured

shrinkage stran from the total strain value Thar,
creep coefficient (“measured”) = creep strain finitial
straon,

€

cr

ar ¢ ¥ —— (8.7
[

3

'
Calcuiated and "measured” creep coefficrents are
compared in Table 5.4 The measured vaiues trsted

represent the averages for twelve creep prisms {(six
from each mix) loaded in two gcresp frames (1 x ger
frams) Strain measurements were made on two opposite
faces of aach prism 50 each cresp coefficient vatue
quoted 135 tne average catculated from twenty-tfour

readings

Time refers to the duration of lcading Values are not
given where resuits are too close to be saffosctively
separated '1n rwading trom curves The darivation of the
C&CA 3 resutts requires consideratlie extrapoiat:ion The

measured results agree farrfy closely with the findings
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of Alexander for South African concretes The C &

CA3 ancd CEB 1978 methc 8 give the closest caorrelation
221

with ACH 209 underest i mating and CEB \970(‘2 grossly

cuarestimating

Tatte 5.4 Calcutated anud measured creep

coefticient

Time 28 &0 90 120 180

(days]

ACH 209 0,78 0,95 1,08 1,13 1,22

CES 1970 2.68 3,29 3,68 3,82 4,07

CeEB 1978 0.89 t.22 1,50 - 1,84

C & CA3 1,32 - - - 1,94

Measured

(Average) 1,18 1,45 1,68 1.88 2.03
Creep ts wxpressed as a fraction of tne 28 day value in
Figure 5 2 The rate of increase 1n creep stra:in 8

most accurately predicted by the ACH

general praincrpie 1t snould be possibie

accurate sstimate of concrete creep

209 metnod

tand

As a
to obtayn a more

shrinkage)

characteristics by extrapolation from short term measured
values tran by pure calculation
&0
&=
- r o ~« - po—. e

bl




2,10
v
2,00 -
1,90
1,804
e
hd
S 70—
£ M e
»
o 1,60 4 /
& g
g 150+ e
140+
2
51304
x measured
1,20 ~ o w01 209
+ CEB 1978
110 CES 1970
|
00— : : :
30 40 90 120 150 180
Time {days)
Figure 5.2 Measured and calculated rate of creep
(expressed as a fraction of "8 day creep)

5. 2 BEAM MIDSPAN STRAING

Strains measured across the beam depth are tabulated

ifi Appendix § Each valus quoted s the average of two

measurements made on the opposite faces of the beam.

The location of the points of measurement s shown n




Figure 4.2 A detailed examination of tng devsiopmen®
of these strains with time )8 undertaken n this
section for comparisan with the theory on which the

proposed calculation method (Chapter 3) s dased.

5.2.1 STRAIN PROFILE

One of the few consistent sonciusian, tnoatl the
research results studied 15 that plane sections remain

planse after the application of toads This principle 18
confirmed by the resuits plotted 1n Figure § 3 Totat

strains measured tmmediateiy after appilication of

loads, after 28 days under lcad and aftter 180 days under
Joad are shown in these diagrams. Oniy the shrinkage
strains measured :n beam Mk AW show a minor deviation
from the straight line As A result 1+t 15 necessary to
consider only Bxtreme fibre compression stratns and
tensile strains at the leve |l of the tension

reniusiement 8 boam curvaturs cateoulat ons

5.2.2 DEFLECTIONS CALCULATED FROM MIDSPAN STRAINS

Measured total delflections and deflections calcuiated
from midspan strains are compared in Table 5.5 The
calcuiated values vary between 87 and 100 % of the
measured values. This ts probably due to the erratic

s12e and spacing of concrete tension cracks 1n the zone

of measurement The calecuiation procedure s aquttinegd

below
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Figure 5.3 Measureg totatl strains through beam section

Cin units of microstraen)
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fabie 5. 5 Measured total gdeflfections ang vdeflections

catcuiated from midspan strains

Time
{days) o 28 &0 90 120 180
Mk At Meas . 4,89 9.58 10,566 11,07 11.62 11,83
Catlc 4.29 8.50 g.49 9,9 10,48 10,68
Mk A2  Meas 5.089 2.59 10,84 11,189 11,72 11,82

Cate 4.65 8,83 9.79 10.26 10,71 10,98

Mk B! Meas 4,78 7.63 8,27 B.44 8,80 8,17

Cate 4,81 7.64 7,97 8,08 8,48 8,38
Mk B2 Meas 4,30 7,50 T 8,11 8,54 8,835
Cate 3,96 6,54 6,8 7,08 7,38 7,37
Curvature = vodr = tes - GC) in (5.8)
Where €c = sxtreme compression fibre stran
and Ex ® axtremes tension ftibre strain
(h = 150 mm has been used 1n 5 83
Gefiection = s 0T RL1/rd 1 (5 99
where K ts a muitipiying factor d e cding R trw

arrangement of applied loads

5.2.3 BHRINKAGE STRAINS

Shrinkage strains across the depth of beam Mk AW have
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been measured for deduction from the total strains

measured on beams M+ Al and A2 and for the catculation

of shrinkage deflections for those beams Shrinkage

strains were not mon; tored on the B series beams, $0

shrinkage deflections have to be calcutated for those

beams
Beam Mk AW was initrally locaded for a short period
(approximately three minutes) to the same max imum

moment as applied to the beams subjected to sustained
toading in order to produce a cracking pattern simiiar
to that exhibited by those beams During the first faw
days of mon- toring, strains tn the oppos:ite direction
to the anticipated shrinkags strains wers measured

This eftect (s attributed to a delayed recovery after
the application of the short term toad. In order to

aliow tor this effect the three day stra:n msasurements

are taken as the Zero value, angd subsequent
measurements are factorud to cater for shrinkage
deflection during the firrst three days. The factor [

derived from the shrinkage strain maasurements on

uniocaded prisms

€
shit
Modification Factor = F = e ———— (6§ 10}
fsnt T fsna
where € = € 5 3 t t ot
sht prigm hrinkage stra:n a rme t ang E5h3
= prism shrinkage stramn i 3 days The teg:timacy ot
thts correction ts tilustrated in Figure & 4 which

shows the s:mitarity n the rates of shrinkage strain
measured on tne control prisms and mod: fied sh-inkage

deflection as measuresd on beam Mk AW

The scales chosen for defiection and straen n Figure
5. 4 are arbirtrary The s ty n thetr respective
rates of deveiopment tted by the paraitel
nature of the curves
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Mod:ified shrinkage defiection 15 catculated as folliows:

£+ €
© 5
1/ = F (5. 117
€ szh
h
Bh = k((l/r)sh Pz (5.12)
where k= 0,128

{The "bending moment”™ caused Dy shrinkage ts constant
for a constant section along the beam fength. &k = 0,125

ts the calcultation factor for a constant moment atong

the length of the heam - refer Chapter 2, sect on 1)}

Hsh Esh
3,50 20
3,00 500 - P
25 500 - ' -
200 4004 /
150 300
100 200

: + beam deflection (mm)
0.50 100 g prism strain (%1078}
¢ 0 T - : T v

0 30 60 90 120 150 180
T.me | days)

Figure 5.4 Comparison of shrinkage slra:in on control
prisms and modified shrinkage deftlection on

beam Mk AW
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Measured shrinkage straens {modit red LR described
above) through the beam section are tabuiatad i
Append x B Extrems fibre strains with shrinkage
deducted ares tabuifated (n appendix B2 fo beams A} and
A2

§.2.4 STRAIN DEVELOPMENT IN EXTREME COMPRESSION FIBRE

In Chapter 3 i1t was theoreticslly shown that the creep
coefficient «n the extreme compression fibra s
somewhat lass than that measured on axtatly ioaded
prisms made of the same concrets A method was derived
{using the charts of Figure 3.2 for calcutating the

reduced coeff.crent

Extrame compression fibre uvreep 3trains for the sitngly
reinforced beams ars recorded in Table 5 6. Shrinkage
strains have been decducted from the civan values (refer
Afppendix B2 From these 4 creep coetficient {creep
strain dsveded by inytiat stran)d for the extreme
compression fibre 15 calculaten ang compared with the

creep coefticient ftrom Figure 3 2

For brth Al ang A2 tne measured beam extreme fibrae

creey etf,crent s stightliy 1238 than that derived
fram jure 3.2, sspeciaiiy at 120 and 180 days. The
corre’ation 135 good, however, when viewsd 1n reiation

to the normal scatter exhibited by Cresp and shrinkage
results The measured Dbeam costficients &is50 very

cltearly show the decreasinc trend (as compared Nith

prism cosfticiants) with (me as predicted by

catcuiati.on

One of the assumptions which the proposed
caiculation method 5 base nat the 1nitial extreme
fibre compression strain | ¢t to that catculated by
57
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Tablte 5 6 Comparison of extreme f i bra creep with creep
ot controt prisms {(Creep :5 measured in units

of microstrainl

Time (daye) 28 80 20 120 180

Mk A1 €., beam = 549 x, = 0.380

1. Ecr beam 581 699 760 B804 CAR

2. OC prism 1,307 1,589 1.869 2,083 2,255
3. .C beam 1,068 1,273 1,384 1.485 1.659

{measured)

4 .‘c! 1,07 1,27 1,45 1,58 1,73
(Fig 3.2)

Mk AZ Ec‘ bheam = 8§73 x, z O,382

1 Ecr beam 587 692 7¢4 791 B97

2 OC prism 1,307 1,699 1,883 2,053 2,258

3. ’c beam 1,024 1,209 1,318 1,381 1,865

(measured)

LI - 1,07 t.27 1,45 1,59 1,73
(Fog.3 23
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elastic anatysis assuming a fuily cracked beam section.
Calculated and measured values are compared in Table

.7 A reasonable correlation 15 exhibited.

Table 5.7 Calcuiated and measured tnitial extreme fibre

compression straing (:n units of microstrain)

Ext . tibre Beam Mk

compresson

@.ia0n At A2 31 82
Catcuiated 563 517 468 456
sasured 549 573 564 511

£ 2. 5 BTRAIN DEVELOPMENT AT LEVEL OF TENSION
REINFORCEMENT

Strains at the leve! of the tension reinforcement were
assumed to remain constant ang equatl to the vatues
calculated assuming a completely cracked beam section
tn the derivation of the proposed calculatiron method,
This assumption wes based on the observation that these
strains increase very rapidly to a timitaing value in

beams subjescted to sustained loading.

Mesasured strains at . ®8am midspan are tabuiated e
Appendices B {total strain for ail beamy and 82
{extreme fibre strans with shrinkage daducted for
beams MK Al and A2) Strains ail the tevel of the
terisionh reinforcement are catcuiated from extreme fibre

strains as follows:
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S

€ + 3
1 < t
’ T m—— 5.13)
r
h
where Ec = extreme fibre compression strain
Gz = extreme fibre tension stra:in
then Es = Et - {Y/rd (h - ) (5. 14)
where Es = strain at leve! of tension

reinforcement

Measured h vatues (¢ e h =54 ior A% and B2, h = 152

for A2 and 81) nave been used in thess calculat:ions.

Strains thus catcuiated are listed in Table 5 8. These
strains show g marked increase in the tirst month under

toad (approximatety 40 %) and thereaftar rema:n fairily

constant Shrinkaqe strains have veen deducted From
the strasn values gquoted for beams A1 and A2 but not
for beams B ang 82 The higher vatues of esQies

.

caicufaredg for beams A and A2 result from this
Typicat stran d.8trrbutions for the loaded and
unloaded beams are shown n Figure §. 8§ if sketch 3

represents the total stran drsteybution and (1) the

shrinkage strasn distribution, [ ‘g svident that
deducting shrinkage resuits N an tncreased stran
sgual to Es + E«h {h - d)/d at reintorcement ievetl

Catcutated +nitiatl strains from the completely cracked
section are compared with measured sirainsg s n Tabile
§.8. Again the values quoted tor A an. A2 have

shrinkage seducted white those for B! and 82 do not
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Tabie 5. 8 Measured strasns at tevel of tansion
reinforcement (i1n units of micros‘rain)
Time {(days)
Beam Mk ;
0 28 80 24 120 180 5,
Al
Es 626 913 932 936 a21 883
€ /€ 1.00 1,486 1,42 1.50 1,47 1,41
5t 81
A2
Es 698 987 °91 998 968 ,Q
€ /€ 1,00 1,39 1,42 V.43 t.39 1,38
st s
€€s 760 1035 1023 989 1060 10489
€ 1€ 1,00 1.38 1,38 1,30 1,39 1,38
st $
82
€s 574 782 7886 736 i87 771 .
€ /€ 1,00 1,386 1,33 1,28 1.37 1,34
st g1
& T R
NS
-
o zs
s g
i |
P o
Y | | Esn(n-d)/d
Lol e
(i} (it}

Figure 5 5 Typical strain distribution through sections

of loaded (1) and unioaded {11) beams
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As can be

expected, the cafculated tnitral strains

considerably higher than measured (i1 tial strains

because ca

tcutatione are based on the compietely

afr

@

cracked section. Strarns thus calculated agree ciosely

with the measured long term strairns. This appears

indicate t

hat the completely cracked condition was

reached soon after the application of iovads.

leve!

Tabte §.9 Catculated and measured strains a\
tenston resnforcement (in units of
microstrain)

Beam Mk Al A2 B1 B2
€S) {cate ) gz0 936 906 881
Es\ {meos 625 698 760 574
T 1
Es‘eotﬂaas) 883 850 049 IRA!
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5.3 BEAM DEFLECTIONS

5§.3.1 SHRINKAGE DEFLECTIONS

Shrinkage deflections ware not measured directly on
beam Mk AW. Detiections are calcuiated trom strains
measured at beam midspan. The catecultation method and
appftication of a modification factor to cater for
delayed creep recovery are described in 5.2 7. Beams
Mic Al and AT are essentiaiily tdentical to AW 'n
cross-section and shrinkage defiections for Al and A2

can be reacily catculated from equation (8§ .11, Ash
k{Y/7r3 . 1%, by considering [ 2100 mm. Deftections
caficulated from measured midspan strains are tabuiated
in Appendix D1, and tor purposes of camparisan are

considered to be "“measured” defisctions

A comprehensive comparison o) © T thods of shrinkage
defiection calcuiation has undertaken by
Hobbsczl) He conciudes that sh deflections can
be cajicuiated most accurateiy by aGuivatent tens:ie

force (ETF) method.

Shrinkage deflection “measured” on beam Mk AW  and
adjusted tor the 2100 mm long beams 18 compared with
values catcutated by the ETF method and CPYI0 1n Tabie
5.10. The tormer method makes specific allowance tor
the crachked section while the iatter does not. The
measuresd values compare very favourably with those
calcutated by CcP110Q, but are sigrificantty
overest imated by the ETF mathod This 15 probably due
to the fact that the section 158 oniy partially cracked,

although a better correlation might be expected

The ETF method includes terms catering for creep and a

correspondingly reduced %1 value {(modular ratio
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caiculation) Some doubt exists as 10 the creep vailue
to be used in calcutations. Hobbs suggests that for
smal! oncrete sections a value one month afler drying
bagins and for larges sectrons a value one year

after drying begins should pe useog n the catcutation
ot ultimate shrinkage defiection The values of Tabie
5.10 have been caicuiated using 0,3 times the measured

creep coefficrent at time t.

Tab!e 5. 10 Measured and ca'culated shrinkage deflaction

Ctn mm) for beams Mk A} anrd A2

Time after

curing 28 60 40 120 180
{days)

Measured 1,25 1,82 2.08 2.44 2,58
CP11O .2 1,82 2,07 2.07 2,37
ETF 2,68 4,25 5,11 5,31 6,34

No shrinkage stra'n measurements were made for the
doubly reinforced beams Mk 81 and 82 in view of the
accuracy achieved 1n calcutating shrinkage defiections
for the singly reinforced beams using the methoad
prescribed by CP110, the same method has been used to
“astimate” shrinkage detflection for beams BY and Bz.

The calcutated deflections are listed in Table 5. 11
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Table 5 11 Shrinkage deflections (in mm) ftor beams Mk

Bt and 82 calculated by method of CP110

Time after

curing 28 60 90 120 180
{days)

L {mm) 0,31 0,47 0,54 0.54 0,62
it must be emphasized that attention s primarity
focussed on creep defiections tn this investigation.

Shrinkage measuraments have been made to enable the
deduyction of this variable from the observed long term
results Unfortunately the concrete mix used exhibits

hegh shrinkage which affects the accuracy of the creep

results. In retrospect 1t would have been desirabis to
desvote greater attention to shrinkage defisctron. in
particufar, inaccuracies are® :ntroduced by the calcu-

tation of shrinkage defiections from measured strains
and by the correction rorgquired for the initial creep

recovery.
5.3.2 CREEP DEFLECTIONS

A method of tong term detfiection caltculation (excluding
shrinkage) was developed :n Chapter 3 The assumptions
and theocry regarding the development with time ot
midspan stra:ng across the beam depth were shown to be
in good agreement with observed results in section §. 2.
tn this section defisctions calculated by the proposed

method are compared with measured deflections.

A description ot some exi1sting methods ot lony term

deflection cvalicufation was given 1n Chaprer 2. Of (he
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1y (53
methods examined, those ot CP110 and Nevitie are

spacifically prescribed for the calculation of tong

term deflection due to creep only

Measured tong term deflections are compared with
deflections calcuiated hy the proposed method, CP110
and Neviile's mathad 'n Table 5.12 and Figures 5.6.
and 5 7. Ghrinkags deflections have been deducted trom
the messured values guoted For the A 3e: 183 beams
shrinkage deflections ware calcuiated from shrinkage
strains measured on beam Mk AW. For the B series beams
shriakage deflections have tbeen estimated useng the
calcutation method prescribed by CP110 (reter section
5 3.1). Vailues of L in the table are quoted for
information and are calcuiated from the fulily crachked
section '.c: values are determined from Figure 3.2

The vatua of ’ct quoted 1s catcuiated from prism strain
measurements (Append:x Al and mod: fied by ACH 208
recommendations for the different storage environment

and vo'lume/surface ratio of the beams.

The fact that the proposed calcutation method s based
on the tnitial strayn gistribution of the completely
cracked section does not impily that the completely
cracked section calecutation 1s recommendad for inttoat
dgeflection catcuiation bt 15 essential te consider
tension stiftening tn 1nitral deflection cafculations .
The fulty cracked section tnitial defiection 18 given
in brackets under the "proposed” method for information

oniy
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Table 5 12 Calculated and measured long term

defiections (shrinkage deducted)

Time (days) Q 28 60 80 120 180
At
X = 0,380
L ~ v.307 0 1,888 1,859 2,083 2,28%
[ - .ot V.27 1.4 1,59 1,73
ot
Neville 4,78 6,58 6,96 V.32 7,87 7.85
CP110 4.59 8,54 6.93 7,027 7.53 7,80
Proposed (5,282 F.43 7,83 8,19 8,47 8.756
Mecs.reo 1,88 5,33 8,74 9.02 2.4 4.28
!
A2
= 0,382
.C( - 1.307 1,599 1,859 2,063 2.25%
L ~ .07 1,27 P.48 1,59 1,73
ct
Nevilte 4,99 6,86 7T.:8 7,68 7.93 8,22
CP11O 4,77 €,79 7.20 7.56 7.83 8,11
Proposed (5,413 .7 8,12 8.50 8,79 9.08
Measured 5.0y 8,54 8.82 St A 9,218 9,37
87




Tab! A

(Continued)

Time {(da s} 0 28 60 g0 120 186
ar

L = 0,341 EN 0,012

Qct/(!¢500' - 0,817 0,999 1,162 1,283 1,409
.'ct - 0.70 0,83 0.93 1,03 1,13
Naviile 4. 49 5,33 5,82 5,69 5.81 .98
CP110 4,39 5,42 .87 5,70 5,80 L.B9
Proposed {5.10) 6,32 6,54 6,72 6.89 7.07
Measured 4,78 7.32 7,80 7,90 8,26 8,15
82

L ¢,339 [ 0. 012

OC‘/(1+500') - 0.817 0.9949 1,162 1,283 1,409
.'ct - 0.70 0,823 0,93 1,03 1,13
Naviitle 4,30 5,09 5§.27 5.43 5,55 5,87
CP110 4,2 5.2 5.36 6,49 .58 5,67
Proposed (4,93 .08 6,32 6,48 6.65 &.82
Measured 4,30 r,o9 7,44 1,87 8.00 7.93

68




12

n4 Al

10 -
- Y

IS, S

g 91 “,‘w»wﬂ*”* b
= -

8 1 // e e e )

DEFLECTION

T "
30 60 80 120 150 180

DURATION OF LOAD { DAYS }
12
» A2 A measured
] - @ proposed method
10-] @ P 110

\
\
E \
|

b

z e
= el
=
o
-l
g
e
(=]
" b 1 i i 2 ]
0 30 60 30 120 150 180
QURATION OF LOAD [ DAYS )

Figure 5 6 Measured and calculated long term
deftections for beams Al and A2 (shrinkage

deducted)

69

e




I

1o =y
B1
114 —
10 .
3
PRE ‘
€
- Y S
£ - W
z —
= 74 /ﬁu PEPRBEEES-
E / /MM
W b= LT —®
e i e o o =
= B e
s 4/ 7
I S
4 r ” T T ——
0 3¢ 40 90 120 150 180
DURATION OF LOAD (DAYS)
12 +
82 A measured
" e proposed method
10 P 1o
£ v+
8 & e
z M/-
o s
- = 7 //fr#ﬂ el
w M
= P
IV ////*/ .
[ I ——
‘ o o o e e e S
5 47
;o
Vo
[ 4
“ T T T T -t
0 30 60 90 120 150 180
DURAT/ON OF LOAD { DAYS)

Figure 5 7 Measured and calcu.ated long term

deflections for beams Bl and B2 (shrinkage

deducted)

70




Ali catcuiation methods underestimate measured defiec-
trons ‘he CP110 and Neviltie calculation methods give
vetry similar “esuits For beams Mk A s calc /a meas

tor the proposed method varies batween 0,89 at 28 days
and 0,97 at 180 days This ratio varies between 0,79 at
28 days and 0,87 at 180 days for the CP110 method. For
beams Mk B a calc./a meas. for the proposed method
varias between 0,85 and 0,87 and for the CP110 method
varies b . ween 0,72 and 0,74, Toe relativety tower
vatues calcuiated for the B series beams may resutt
from an underest mation ot snrinkage deflection for

theses beams by the metnhod ot CPYIO.

5.3.3 TOTAL DEFLECTIONS

it was aoted in Chapter that creep and shrinkage

effects shouid be separated where possible i f the
coetficrent approach 18 agoptea for fong term
deflection calcutation il achnewledged, howaver

that the separation of these ettects s not always

practycat in comparing calcylated ang coserved results
tas for tneams Mk B sn this tnvestigation) and [
cerhaps  an unnecessary refinament tt creep and

shrinkage characteristics have not bLesn measured an

control prisms.

Totat tong term deflections are compared with
defiections catculated by the method of the SAICE

(-] .
}oin Table 5 12 4 calc . /a meas varies

(Pretorius
between O,88 at 28 days and 0,98 at 180 days for the
serias A beams. and between 0,84 at 28 dayvs ang 0,86 at

‘80 days for the series 5 borams A vary simiilar dqegree
of accuracy was achieved using the proposed calcuiation
method to predict fang term detrection with shrinkage

deducted (refer Table 5 12 1)




Table 5.13 Catcutated and measured total Jjong term

defiections (shrinkage included]

Time {(days) O 28 60 90 120 180
.‘t - 1,307 1,588 1,859 2,083 2,255
Al
SAICE {5,283 8,57 g.32 9,98 10,48 11.00
Measured 4,89 49,58 10, 38 11,07 11,862 11,83
A2

i SAEICE {5,472 8,89 8.57 10,38 10,88 11,42
Measured 5,09 3,59 10.64 11,19 11,72 11.82

¥
it
R 5

SAICE {5,103 6,53 6,86 7,18 7,38 7.58

Measured 4a.78 7.63 8,27 8,44 8,80 8,77

82

SAICE (4,833 6,30 §.61 6,89 7,10 7,31

Measurea 4,30 7,50 781 8,11 3,54 8,565
72




8 RESEARCH RESULTS OF OTHER (NVESTIGATORS

Three sets of results are examinec in detari n this

(12}
section These are the results of Washa and Fluck .

7
Coriey and Sazen(‘a) and Bakoss et af( ). and have been
selected from the vast body of research data for the

foilowing reasons:

1) Defiection measuyrements were mage ON rectanguiar

beams with and withoy! compressson retntorcement.

23 Lfoncrete creep and shrinkage characteristics were

measured on control prisms.

3) Midspan stra/ns wers monitored.

4) Resuits are generally reported »n sufficient
detail i1n the references guoted to enabie
affective comparisdon wiih Seflections caleuiated

by the method of Chapter 3.

it was hoped that the hypotheses ot Chapter 3 regarding

creep strarn deveopment coutd e verittied by
compariscn with the results of other researchers Thris
has not been possible tn att three references examined

here measuyred stra:ns are reported graphicaliy on smail
scafe curves and can only be rsa¢ to an estimated
accuracy of + 0% The aftfect of the tiems tag between
toading ang s tial reading reported by Washa anag Fiuchk

{see Section 6 1} 1s evident 1 n their measured strains

and makes ther results g fticutt tao interpret
Consequentiy., a figorous guantitive Camparisoan s only
undertaken for measured and catcuiated tetiections
The evailu-tion of stra:n deveiopment s fimited to wary
prief comments on signiticant observations made
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1t witlt be noted that experimentat error and inconcise

ar incompiets reporting very often maase precise
~omparizon difficult

{123
6.1 WASHA AND FLUCK

Thirty-four beams wers subiected toe 2 uniformly
distribuled sustrined load for a period of two and a
hatt years Onty the resutts of series A and B8 veams
are svalua ed here The results of series C, O, ang E
beams which were designed fto represent thin reinforced

staps are not deamed particularly relevant because ot

the high spanid ratios Essential Deam detaits are
tisted «n Tabie & . 1 Each resul! prasented represents
the average for two rdentical beams (e.g. the resuits

Tisted under A1 4 are the averages fofr veams A1 and

Ad)

The authors report a seynificant time lapse {between

sne angd eight hours) between the application of foads
and the first readings., but do not elaborate on any

effects this may have had on the results.

Init,al geflections calculated from measured sirains

srceed measured defiections by approximately 30%

initral measured compression strains exceed the values

calcutated assuming a futty cracked section by a

s imilar amount. Both effects probably result from the
tinn fag L.tween ioad:@:ng and read'ng. It would appear
that defiectiony were measured prior to strains

Because of this na eftective evaluation of stracn

development can be undertaken

Shrinkage and creep effects were not s.parated in beam

series A ang B 2n ox 40 x 4v prrsms sub)ected to a
sustained compressive stress of 11,08 MPa exhibited an
: 74
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Table 6.1 Beam Detaits (Washa and Fluck)

Washa Beam Mk
&
Fluck AY/4 A2/5 A3/8 B1/4 B2/5 B3/6

Beam Properties

b (mm) 203 203 203 152 162 162
d {mm) 257 287 257 157 157 187
h {mm 3} 308 305 3058 203 203 203
- (mm) 48 48 - 46 46 -

1 Cmm ) 6096 6096 6098 8086 6096 8096
As {mmi) B5% 8°5 855 3196 398 3986
As’ (mm?} Bes 398 o 396 198 ]

o 00,0164 00,0164 00,0164 ¢,0164 0.0184 06,0164
' 0.0164 00,0078 o 00,0164 00,0082 Q9

2y (CP110) 0,178 0,487 g,8ee 0,178 0,457 G,8z2

Loading (UDL)

w (KN/m} 5,63 5,83 5,63 1.59 1,89 1,59
M (KNm3 26,15 26,185 26,15 7.39 7,39 7,29
) 0,042 00,1042 ¢,1082 0,1042 0.10482 0,1042

Mix Characterystics

fcu (MPa} 30 30 30 30 39 30
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Tablie 6.2 Calculated and measured defiections (Washa

and Fluck)

Washa Beam Mk
&
Fluck At/ 4 A2/5 AZ/E B1/4 B2/5 B3/8 > 1
'c beam 3.91 3,91 3,91 4,32 4,32 4,32
QC/(1¢500‘\ 715 2.83 3.9 237 3,06 4,32
€sh beam 673 673 6§73 734 734 734
€, 390 435 491 444 4886 494
x] 0,378 D.402 0,427 0,40 D414 O, 828
"ct Fig 3.2 1,88 2,18 2,91 1.83 2,33 3. 17
ton 2,2 5,9 10,0 3,9 9,9 17,9

immediate Deflagfron {mm)

CRPYYD Y3, ¢ 14,3 HE- SN 22,2 22,6 23,1
Naviite 13.8 14,7 15,86 22,2 22,8 23,9
Cracked 16,0 I8 17,4 27,7 28,1 28,5
Mgasured 13,58 15,7 V7,0 23,4 24,9 25,4

Long Term Deflection (mm) [(Shrinkage deducted)

cP110 20,1 24,86 34,7 37.9 43,4 55,35

Naviiie ae 7 27,7 36,0 36 .86 42,9 55,0 g
1 Proposed 28,0 30,9 38.v 48.0 55 .2 G, 2 |
# Measured 21,4 26,4 34.7 47,2 58,1 68,5

Long Term Qefiection (mm} (Shrinkage i'n¢iuded)

SALITE 31,0 42,0 52,8 58,0 75,5 98,9
Measured 23,6 32,3 48 7 61,1 85,0 38,4
Values guoted tor &ﬂn and EC‘ arae PN units af 4
microstrain Agh has been catculated by the mathod ot
- CP110




additional long term stra:n of 3333 10'6 Using an
average modulus of elast city (measured) of 21,73 GPa
this gtves an inital strain of &10 10‘5 and a combi(ned
shrinkage and creep coefficient of 8,535 Shrinkage
prisms exhibited a free shrinkage strain of BOO.IG_6
over the two and a haif year duratsion of the test. This

resutts in 8 “creep onty" coefficient of 4,67,

Calcuiated and measured deflect ions are compared in
Tabte 6. 2. The creep coefficient and free shrinkage
strain (QC and esh) are adjusted {by ACH 2e9

recommendations) for the difterent volume/surface rat o
of the beams Onty the adjusted vailues ars shown 1n the
table. 8Shrinkage deijfect ons have besn caicuiated by
the method of CP 10 for geduction from total
defisctions

6.2 CORLEY AND SOZEN(‘J)

Two eguivalent point ipads were apptiad at quarter
points on three rectangutlar reinforced concrete beams
for a duration of two years The concrete shrinkage and
creep characteristics were measured on 4 diameter
cylinders A single pre-cracked team (C2) was used to
measure shrinkage deflection Beam details are titsted

rn Table 6.3,

Oefiections calculated from measured strains Cinrtaatl
and ltong terml are approximateiy 80% of the measured
values. Measured compression strains are marginally
fowar than the values calculated assuming a fuiiy
cracred beam section it ts noted th raference (133
that measured straitng at the iavel of the tens ion
retnforcement were n:tially much fower than the values
predicied for the tulty cracked section, but reached
the calculiated vaiue rapidiy (within 10 days) and
cxceeded 1t by about 10% at the end of the test period




Tabie 6.3 Beam detaiis {(Corley and Sozen)

Coriey Beams Mi
&
Sozen cr,C2 c3 ca

Beam Properties

b {rmm) 78 76 16
d {mm) 137 g2 g2
h {mm) 153 110 110
i (mm} 1829 1829 1829
“s {mm? ) 143 143 214
As' {mm? )} - - -
o 60,0137 90,0208 00,0308
5’ - - -
potcpilﬂ) o,774 0.887 1.00

Loading (1/34 point)

PO(kN) 5,09 5,09 5,09
M [ xNm) 2,32 2,32 2,32
[ 0,1148 0,11488 G.1146

Mix Charpcteristics

t (MPa) 26,4 26,4 26,4
cu

[ (MPa) 33,4 33.4 33.8
meas

€, (GrPa) 21,1 21,1 20,1
Oc (prism} 3,00 3,00 i,00
Yooy fRrism 3,6/M6 3.67.6 .87
€., (prismy 300 10 300 1o 300 10°°

T8




The results

tnaccuracies may arise vn reading from curves Lt ts

stated in tne

“approuwched”

end of the

accurate information these values have to be usecd in

comparative

raported to have “approached” 3,0.

Controil cylinders for creep testing were subiected to a
sustained stress of 9.8 MPa. From the approximate
information given above an tnitrat etastic modulus
vaiue of 2.1

craep) of 3,67

Normaiiy cylinder creep and shrinkage values have to be

adyjusted for

the differant

this instance

very similar

ts requited

Snhrinkage defiectiions were measured on a singie

pre-cracked beam simijar to () The measured value of

1,52 mm s

0.7Y mm, Accordingly, for beams C3 and C4 the shrinkage

deftection

calculatsd vatue.

Measured and

Table 6.4

are generaiiy reported graphicatly and

360,10 % ang 1350.10°°% respectivery at the

test period - oan the absence of more

calculations . The creep coefficient [

GPa and totai coefficient {(shrinkage and

use in deflection calculations because of

to that of the cylinders, so0o no adjustment

2,14 times tue CP1I10 catculated value of

text ihat free shrinkage and creep stra:n

can be cafculated.

votumessurface ratio of the Dbeams. in

the voiume surface rat:10 of the beams is

estimated as 2,14 times the CPYI1O

catculated defiections are compared n

19




Tabie 6.4 Calculated and measured defiections (Corley
and Sozen]
Cortaey Beams Mk
&
Sozen < C3 cs
(] beam 31.00 3,00 3.00
¢ -6 -8 -6
€ beam 300.10 300.190 300.10
sh iy -8 -8
o 441 10 868 .10 rTrg. o
x, 0,404 0,466 0,533
"c( Fig 3.2 2,28 2.35 2,47
A {est. ) 1.8 2.6 2,9
sh
immediate Deflection (mm)
CP110 2.7 7.2 7
Nevitlie 2.7 7.8 .0
Cracked 3. 1,8 6,1
Measured 3.0 7.9 8,1
Long Yerm Defisctiogn (mm} - Shrinkage deducted
CPIYD §.3 14,9 12,9
Neviile 5,2 16,2 14,3
Proposed 5,9 16,3 14,1
Measured 5,9 14,7 12,6
tong Term Deflection (mm) - Shrinkage :ncluded
SAICE 1.7 21,2 17,8
[Measured 7.4 t7.3 16,5
80
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(7
8.3 BAKOSS, GILBERT, FAULKES AND PULMANO( ’

One simply supported and one continuous beam were

subjected to sustained loading ftor a duration of 5060

days. Onty the simply supporitad beam (1 B2) deflections

are evxamined here. Two equal inads were appiied at

third points on this beam. Shrinkage defigction was
mon,tored on a similar p-e-crached beam 1 an Beam

detaiis are given in Table &§.°5.

Tabie 8.5 Beam details (Bakoss et al)

Beams Mk B! and 182

Beam Properties Loeading (1/3 point)

b {mm3} 100 P L{uN] 2.80

d {rm} 130 M kN ) 3,25
h {mm) 150 k 00,1065
| Lmm) 3780

A (mm? ) 226

Asg " lmm*, -

i 0.0174 Mix Characteristics
a' -
@ 0,838 t {MPa} ar.s
o ou
‘c meas {MPa) 48,8
£ (GPadl av,2
OC 2.4
. -8
gsh 850 10

81




Creep coefficient and free shrinkage strain ares onily
reported for the mix used in the constiruction af the
continuous beam. Bolh parameters were measured on 100

mm x 150 mm x 400 mm prisms. The mix used for ‘the

simply supported beam differs only marginatly from
this, and the two mixes are assumed to exhibit E

identical charactaristics for caiculation purposes.

Defiections catcuiatey from mesasured midspan strains
vary between 72% and 123% of the fully cracked section
calcuiatsed value. The rnitial measured compresson

strain (8 considerably fess tharn the cracked section

calculated values. Strain measured at the levet of the

t3nsion reinforcement incressed by an sstimated 63%

aover the duration of the test.

Calcutated and measured deflections for beams 1 B any
1 B2 are compared in Table 6.6. The volume surface

ratio of the prisms 18 the same as that of the beams,

850 no adjustment needs to be made to the creep and

shrinkage parameters measured on prisms

82




Tabtle 6.6 Calculnted and measured deflections (Bakoss
st at)}
5 +, beam 2,4 €, beam 650.107°8
i € 370 1078 'y 1,83
ci ot
LI 0,381
tmwadiate Defiection (mm) Shrankage Defiection (mm)
cPiyo g.77 cPrio 7,37
Neville 9,35 ETF i7.84
Cracked 11,22 Measured 8,94
Measured 8,04
Long Term Daflection
Shrinkage Deducted hrank { {
cCP110 17.10 SAICE 24,21
Neville 16,78 Measured 25,08
Proposed 19,04
Measursag 18,12
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7. EVALUAT!ON OF RESULTS

Numerou., comparisons have been made :n Chapters § and 6

tetween observed results and the predictions of the

catcutation method deve'oped sn Chapter 3. Calculated
ang measured deflectio’ . comrare veiry favourably, but
strain results exhibit some scatter This chapter 8

devoted to a consideration of possihie explanations for
some of the observed inconsistencies and a closer
examinetinan ~¥ the accuracy achienved P n gsflection

prediviton.

It +s apparent that defitections cannot be accurately
predicted from measuresd midspan strains. Some
discrepancy between measured and caicuiatod 1§ expected
because measured tensile strains are capondgh. on tha
spacing of the tension cracks in the concrete. Crachk
spacing tends to he erratic. Improved accuracy could Le
expected whers the gauge length s much greater than
the crack spac:ing in the beams of this study tensien
cracks occared at approximately 50 mm .ntervals Ti. &,
four cracks over the 200 mm gacge tength) . In my
optnion this should hove been suff.cient to provide an

accura(e average tensile stra:n measuvrament.

tn both ths observations of thes tnvastigation and
those of Cortey and Sozon“ak deftections catcuiated
from measured strains are approximately 890% of the
me=»<uyred detiection values. Deflections could have been
“"over~measured” due to concrete crushing at the
surports, but this was not ev:ident in the Deams tested
in this investigation, Unfortunat. iy t can offer no
other ltog:rcal expianation for th:s observation, put e f
measured strains do not accurately predict defiection,

it cannot be expected that measurad and calcuiated

strains will exhib:it good torrelatio:
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Temperature changes can make a s)3ni1ficant contribution
to the scatter exhibited by strain results Atthough

temperature was controlled in the storage environment

of this study, 1t actuaity varied by 4+~ 2°C from the
7

mean ot 22°C. Bakoss et al( ) report a simiiar

variation in the temperature of thetr “controiied”

storage environment To analyse the impact of such a

variation, consider (!'s possible effec’ on beam Mk Al

tnittial compression strain {(measured :n extireme fibre)

B € = 549 1078
c
Instial tens:la stratn {measured at retnforcement
tevel
= € = 620 1078
54
B
At 18BO days Eﬂ‘ = 2109 .10
¢ = 810 107"
st

if tnaitiat strans were measured at a temperature of
2°C atove the mean, and the 180 day stratns were
measured at 2°C below the mean, a temperature error of

-6
about 24 10 woul!d have been rncurvred "bolh ways”

The "correct” values shouid be:

€ = s73. 1078
ct -8
€ - 596 10
L)
€, = 2088 107 °
3 = 825 10 °
st
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Considering creep 1n tne extreme compression fibre:

‘c sh {measurad) = (2 1089 - 549)/549 = 2.84
;
(corrected) = (2 NRE - §73)/573 = 2,64
c,sh
= 0,93 ¢ (measursd)
c.,8h

t.e. A 7% error has besn tncurred by a 4°C temperature

varitation

The hypothet cat exampie considered above presents an

extreme situation, but 1 18 evident that temperature
vartation can significantly affect stra:in resuylts The
effect will be greater &t sarty days when strains are
. smatier Fortunateiy temperat:. - does not atfect
dgeflection 1n the same way ¢ immediately evident

from the sxampie that tota!l dirfferent ai strain

« [ € i + ‘ € ' } and curvature remain corstant.
c s

tn &l previous ressarch gxamined the importance of
controtl beams to monitor shrinkage deflection has been
yunderrated. For sach beam subjected to sustained
icading, shrinkage defiection and strarn shoutd be

monitored on a gsimiiar pre~cracked, unioaded specimen .

tf both beams are stored in the same eavironment, this
will atso ailow the el imination ot the eftect ot
temperature variation on stra:n measurements in this

tnvestigation no doubiy reinforced shrinkage specimen

was manufactured, so shrinkage deflections ang stracns

had to be catcutated for beam series B The arrangement

for the measurement of shrinkage defliections uon beam Mk

AW proved i1nadequate, with the result tnat shrinkage |
i
defliection had to be calcutated from measured midspan
|
strainsg for beam series A As has been noted, this

procedure 18 not entirely satisfactory and could have
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introdquced i1naccuracies Further 1naccuracy may have
been introduced by thes correction requirted for delayed
creep recovery in beam Mk AW guring the fyrst three

days of measurement

Experimental error ts gitticutbt to eliminate 0
sustained loading tests This s d e to the fong
duration ot the test and the targe storage spAte
required. Both these factors make rigid controi and
close supervision drificult. Once foads have been

applied, any stoppages or corrections appiied adversely
affect the results. Some researchers {(Washa and

1 { )
Fluck( 2). Mohamedbha, and Tayior 25 ]

have reported
experimental difficulties, but even where no probilems
are reported, inconsistencies 0 the results suggest
that the experimental WOrk was not aiways entirely

trouble-free

The resuits  of this trvestogation may have been

adversely affected by several factors:

t Ciffigulties were experienced with the
calibration of the tcad cetlils Quring the tirst
few days of testing, ths beams had to be
repeatediy loaied ang unioaded tc check the
calibration This could have affected eariy age

creep

129 Loads had to vbe adjusted perijodicaitly to counter
pressure 1osses in the hyurau!ic systems and the

tncreasing deflaction due to creep.

33 The storage scvironment was 1nadequately
controlied {(Rafer to previcus discussion on
temperature atfects) Humidity was not controlled

at alt n the bheam store
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4) As noted, the monitoring ot shrinkage deflections

and strains was defictent i1n several! respects

Despite these tactors which coulid have adversety
aftfected the accyracy ot resuylts, measured and
calcuiated defiections compare very favourably. Far

vase of reference, the comparisons aof Chapters 5 andg 6
are summarised 1n Tables 7.1, The extreme ranges of the
ratco calculated deflection/measured deflection for
each caicutation method and each sef of results are
presented Onty the 180 day resuits at this

investigat ion are given,




Table 7.1 Range of calcutated/measured long term
deflection for different calculiation methods

and research results

lLong term deflection excluding shrinkage

Cattuitation Method CP1IYO Nevitle Proposed
Washa and Fluck:A G9,93~1,00 1,04-1,086 fL.12-1,21
8 0.79-0,81 0. 78-0,80 0.88~1,02
Cortey & Sozen ¢.90~1,02 0,88-1,13 1,00-1,12
Bakoss et a3 0,94 0,87 1,08

Current Study T A 0,84-0,87 0,85-0,88 0,94-0,87
8 0,72 0,72-0¢.,73 0,86-0.87

Long term deflection tneciuding shrinkage

Catculation Method SAICE (Freatorius)

- Washa and Fluck:A 1,21 - 1,31
8 JT0 - 118
Coriey and Sozen 1,04 - 1,23

Bakoss et al 0.97
Current Study: A 0,93 - 0,96

8 0,86

.
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8. CONCLUSION

Thea sL.ope of the axparimental part
investigation has pasicaliy been limited
examination of midspan strawn and

development with time on two sing!y and t

reinforced rectangutar concrete beams sub

sustained loading At other tests were
grimar iy for “econtrot” purposes . The
reynforcament percentage., beam dimensions,

fevel of appiied i1oadiny were sssentialiy the
att four beams . This 5c0p8 18 far too {
provide absolute confirmation ot the vaiid:

proposed calculation method.

The caicutation method of Chapter 3 has bee

from a theoretical consideratiaon ot midsp
devalopment with time The derivation relies

quantitative anaiys: s and par ity on a
ass8ssment A Qualitative assessment 4
confirmed by | imited experimentai observation
1 f gven limo ted observed results compare

with the resul ls of a quantitative H
analfysis, t{ ts {i(kaely that the theory witl a

a range tim:ted oniy by the boundar es

derivation.

Thus, because of the | imited scope of the 8 X
part ot this thvestigation and the timite
dertved from the examination nf the retults
ressarchers, concluystons drawn regarding
based on guaiittative assessment need to be co
5 far morae comprehensive study, and should
with caution Howevar, conciusions dgrawn
hypotheses based on quantitative anaiysis are

have universa! application {(see section B 3)
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8.1 PREDICTION OF CONCRETE PHROPERT cS

Very limited coverage has been given to the prediction
ot concrete elagtic modulus Ang creep and shrinkage
characteristics in this investigation, The concrete mix

used exhibits high shrinkage and a (ow elastic modufus

The wide deviation of the me-~sured vaiues fraom the
values predicted or rescommended by current codes of

practice and pojL'tar calculation methods emphas:izes the

necessity of measuring thesa parameiers where
defilections are critical Long term shrainkage and creep
characteristics can probably De more accurately

predicted vy sxtrapotation from short term measurements
than by calculation from riix constituents and

environmental conditions.

B.2 SHRINKAGE DEFLECTIONS

tn this study the emphasis nas bLssn on teng  term
deflections due 1o creep Bhrinkage strains have been
measured to calcuiate shrinkage deflection so that th:s
vartabile may be deducted from the total measured
deflectyon Very fittie attention has bean given to the
prediction of shrinkage deflaction from frea shrinkage
stratn measured on coehtrol prisms Tre recommendat:ions

gt CP1IO compars tavourabiy with measured shrinkage

deflections [ this study and atso N thae tests
pertormed by Bakoss, but underest imate shrinkage
deftectiaon ERY measured by Cortey and Sozen The

sgquivatent tansite torce method recummanded by Hobbs
stgnificantiy overpredscts shrinkage defiection n all
trhe cases studried tt o should be borne n mind, though,
that the concrets used n this investigat ion exhibits a
high free shrinkage which may gtve a bras to the

comparative calculatians performad




8.1 PREDICTION OF CONCRETE PROPERTIES

Very limited coverage has been given 1o the prediction

6t concrete elastic modulus and creep and shrinkage

characteristics in this jnvestigation. The colcrete mix

used exhibits high shrinkage and a low elastic modulus

The wide deviation of the measured vaiues from the
values predicted or recommended by current codes of

practice and popuiar catculation methods emphasizes the

necessity of measuring these parameters wheare
defiections are critica!l Long term shrinkage and creep
charactecistics can probably be more accurateliy

predicted by extrapoiation from short term measurements
than by catcutation trom mix constituents and

environmental conrditions

§ 2 SHRINKAGE DEFLECTIONS

in this study the emphasis has been on long term

deflections due to creep Shrinkage strains have bean
measured to caiculiate shrinkage defiect on so that this

variable may be deducted from the tntal measured

deliection. Very {ittie atteantion has been piven to the
prediction of shrinkage deflection from free shrinkage

strain measured on control prisms. The recommengations

kS of CPYI10O compare favourabiy with measured shrinkage
deflections n this study and atso n the tests
performed by Bakoss, but undsrest imate shrinkage
deflection as measured by Corley ang Soten The

sagquivale. .t tensiia force mathod racommended by Hobbs

stgnificvantly overpredicts shrinkage defisction in alt
the cases stutiad It should be borne 1n mind, though,
that the concrets used in this investigation exhibits a

high free shrinkage which may give a Bias to the

comparative catcufations performed




8.3 MIDSPAN STRAINS

The proposed caivulatron method 18 based on thecretical
midspan strasn deveiopment with time (4] Chaptar 3

severa! significant hypotheses were put forward n the

de-ivation ot this methog Measu:ad and predicted
strains were compared tn Chapler 5§ Each hypothes:s [
examined independent|y below with regard to
exper mertal corrstation and theoreticat valid:ty. For

the reasuns given n Chapter 6, the mrdspan strain

7y, (1 , (133
measurements of the other researchers k 2

are of very little use 1n this regard

1) Cegirutations are based on the fully cracked

team section

This ¢+8 an approximation The fully cracked zondition

is not necessarily achieved immediately after foading. ?

Observations ingicaie that beams substantially cracked
yndar tnitirat toading approach this cond:tron after a

short time (as related to time in long term defiection

calculations) undger sustained ioad The beams of thes

investigation became effect vely fully cracked within

sne month ot load applicatinn, and those of Coriey and

113y
Suzen took only tean days to reach this condityon

This hypothes:ts has not been substantiated Ly catcula-

tron and needs ta be contirmed by a far more comprs -

hensive study The application o' the proposed catecu-

tatiron meatnod should be 1imited to beams substantratiy
cracked under initial loading
(2} Plane sections rema:n plane atter 1oading
This hypothesis 18 coantfirmed by al( the research
f
92
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results studied - this investigation and suppoits

the use of siastic cieory 'n initial gefiection calcu-

tation.

3) Deftections calculated from midspan strains

The proposed catcultation method P8 derived from a

theoretical evaiuation of the development of midspan
sirains with °ime inherent n this derivation s the

i assumption that defiections can ve calcuiated trom

midspan strains . Untoriunate)y this has not been
i ver«fred exper mentally Deflections calculated from
measured straing exhibit considerable scatier when

compared witn measured deflactions. This presumably

results from the erratic crack pattern produced n the
beam tensicn zone This dous not necessarily invalidate

the proposed caicuiation method, but 1t does mean that

a good correliation cannot be expecte between

criculated and measured straing

43 Stra. development 1n extreme compresson fibre.

Measured nit:al compression strains closely GRDProxt -~

mate the values calcutated assuming a futty cracked

beam section for the beams of this study. This tE
expected because atl beams were substantaltly cracked
under 1nitral toading and tension stitfening primar.ily
atfects strains 1n the tension zone tnitral measured
. compression strains were marginally less than the
values calculated assuming a futty cracked section i
the research of Bakoss at al(r} and Coriley and
SOZGH(‘S) This +s not deemed particuylarly s1gnitficant
because these straing wilil rapidly intrease to the

cracked sect or values with the raptd develiopment af

cracking 1n the tension zone.
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resulls studed i this investigation and supports

the use of siastic theory 1n i1nitial deftection calcu~-

fation
(3 Deflections calcuiated from midspan strains.
T nropoused calculation method 15 derived from a

theoreticatl evatuation of the development of migspan
strains with time.  inherent ta this derivation 1§ the
assumptiron that defiections [ be catcutated trom
mids straias Unfortunately this has not been
veritiuvd exper mertally Defiections calculated from
measured strainsg exhibit constderab.e scatter when
compared with measured deflections . This presumabtly
results from the arratic crack pattern produced in the
beam tenston Zone. This does not necessarily invalidate
the propos d calcuitation method, but it does mean that
a goad correiation cannot b sxpectec between

calculated and measured strains

[ ] Strain development in extreme compress:on fibre.

Measured initcal compress:on strains ciosely approxi-

mate the valuws cailcut ited assuming a tully cracked

beam sectio; for the beams of this study Thes I's
expepcted becauss atll beams were substantialily cracked
under nitral toading and tension stitfening primariiy
affects strains 1n the tenston 2one fnitial measured
Comp 83810N strains were marginaily [ ] than the
values csicuiated ass iming a fully cracked section in
the ressarch of Bakoss et a!ty) and Cortey and
Sozun(’za Tris 185 not deemed particutlariy significant
because thesse strasns wili rapirdiy increase to the

cracked section values with the rapitd development of

cracking in the tension zone
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The most important ianuvation o the proposed
catculation method ts the theorstically derived
development of creep strain in the extrems compressign
fibre with time. The theoretically predicted axtrame
tibre creep coefticrent trom Figure 3.2 compares very
favourably with tha measursd cosfticient in the sengly
rainforced beams of this study «refer Table 5 6. The
thaory was dertved from a quantitative assessment and
therstore shoulid not be ! imited to any particutar vange
of beam dimensicns, spans or reinforcement percentages

Furthar 1nvestigation s required, however, to substan-
ti1ate the empirical correction apptied tor beams with

comprassion rsinforcement

The theory derivad foe compression stra:n daveiopment
'3 »trictly applicabie oniy to wompiletely crackeg bean
sections The reduced Ccreep coafficient (as compared
with he prism creep coetficiant) is dersved from the
variation of neuytrai axis depth with creesp. The i
coutltd be adapted for substantially uncracked sectior
tf a method 15 derived for the calculation of neut. al

ax)s depth sn such sections

(53 Stra:n deveifopment at ltavel of tension

reinforcemant

The proposed caicuiation method s based on the

tuliy cracked beam se#ction and z8rco tensiie stran

increase with time art the teve! of the t'nsion
retnforcement . Both asssumgtions or hypotheses are
approximations, but are 1n good agresment with the

measuraments mage 1n this inpvestigation Again, a more

comprehans  ve investigation (-3 required for beams
substantially uncracked under in:tial toading
LI
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8.4 DEFLECTIONS

The momparisons hetween measyred and calcutated

defiections ot Chapters 5 and 6 are summarised :n Table

(.1 Care has been taken to apply the catcutation
methods as intendea by the authore . Attt the methods
examined gtve reascnabie resugits . The ratio of
cetculated/measured daftection for indgividuat results
ranges between 0,72 {(CP110 - Current Study B) to 1,31

{SAICE - Washa and Filuck A)

For fong term deflection exciuding shrinkage the
methods of CPY10 and Neviilie give very simiiar results
although both marginally underestimate. The calfcutat:on
method proposed in Chapter 3 generaltly gives better
resuits than these methods tt 15 1nteresting to note
that the degree of underest maltion by the much maligned
CPYI0 method s smalil The method recommended by the
Deflection Committee of the SAICE gives good resultls in
the cetcutation ot teng term deflections tncluding

shrinkage .

For the resegsch resu:ts examingd in this study, making
use of shrinkage and ¢reep character istics measured on
control presms 2and adjusting these propertias for the
diftterent storage conditions and volume/surface ratias
ot the companion beams (ny the rescommendatians of AT}
208), the catculation method proposed in Chapter 3
gives better results than the otner calculation methods

examinay
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