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ABSTRACT

The availahle methods of predictlng the drying shrinkage
of reinforced concrete do not provide a practical solution to
the problem. Most of the methode suggeg;ed for the nrediction
ot shrinkage force and deformation require an experimental .
evaluation of several constants which vary for different
concretes, percentageggor reinforcement, sizes-of member,land
the ambient c0ndi£10nel No experimental work was done by eome
researchers, end very limited.experimental work was done by

i
others, ‘

A review of the available literature, reveals that the

drying ahrinkage Oof plain concrete can be adequately described

¢

by linehr diffusion theory. However thie nethod 8till requires
the experimental nvaluation of the’ ultimate shrinkaze of concretel

To the knowledge of the writer, no previous éttempt has been
rmade to apply diffusion theory to the prediction or~:;e drying
ehrinkage of reinforced concrete members.. The first 1nvest15ation
in thie research programme was, therefore, designed to apply
diffusion theory to the prediction ofr drying Bhrlnkage of
(reinforcad concrete.

The second 1nveetigation ¥as to establish a quick method ée
evaluate the ultimate ahrinkage of plain and geinforced concrete,
and to provide rormulae to predict shrinkage forces and deformatlon

%n reinforced concrete members.

1ii



-humidity. '

The third investigation was desighed to study the
deveIOpment and distribution of shrinkage stresses in reinforced
concrete membsrs in an attempt to take into account the effect

0f member length. N

‘A wide range of slabs, rectangular heams, and columns

(over 500 specimens) were cast and prepared throughout this

o

research programme.

The experimsntai results indicate that diffusion analogy
seems to prdvide.an adequate msans of.predicting_the dfying .
shrinkage of reinforced c0ncreta members, taking into account the
effect of reinforcements bar diameter, size of mewber, type of
cement, and the ambisnt condition. The Bhrinkagc diffusion
coefficient of plain and reinforCeq concrete appear to be. a
function of the Fourier number t/h2 - f ‘

~The ultimate shrinkage of plain concrete dried under normal

conditions, can be evaluatgd as a function of the ultimate

|7

ahrinkage of similar oven dried specimens and the ambient relative

! .
‘r

" The theoretical formulae developed in this thesis to .predict

“'the ultimate shrinkage strain in steel show good agreement with

the - experimental results of symmatrically and eccentrically o
reinforced" members. T
‘ b

It appears that shrinkage stresaes along the reinforcing }

bar increases gradually from the ends of the menber towards the

4
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+ centre over a distance which is’'short compared with the usual

length of the member:\;\ﬁhiform stress is developed in the

central portion. v

In general, a practical and more aécurate'method‘of‘ T

o~predicting shrinhage strain, force, and deformation in

reinforced concrete members ig presented.

i+ BFR
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-area of steel in tension fibers

LIST OF SYMBOLS

area of concrete mection : ,////i{

EY08s area of concrete section

area of stoel in compression fibers

deflection coefficient of uniform member

!

width of member drying from ome or two sides

the amount of diffusing substance
ultimate moisture loss
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Young's modulus of elasticity of concrete
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shrinkage curvature
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P = percentage of reinforcement .
P = sb;iqkage force .
Pc. = shrinkare forces in bancreté

PS = sﬁriﬁkage fogzes in steel

R = relative humidity condition :

S = shrinkage'stiain

Sav = a;erage shrinkage of plain ér reinforced concrete
Scﬁ ‘= sh;inkage'strain in.concrete

Sf = freg drying shrinkage of plain concrete

5, = - shrinkage gtfain in steel

S;° ¢)_= ultinate shrinkage i

Suc = ultinmate shrinkage strain of p}ain coanete
5,s = ultimate shrinkage'stréin in steel -
Suov' = ultimate shrinkagéiof Ooven dried conereté

t = time of drying |

t/ba_ = Fourier number to an arbitrary scale

4] ‘ =..the moisture concehtrat%on = C/Co ‘ .
E' =.'the average molsture concentrafion

]-E = the aVerage‘moisture conc&g}yation loss’

vV/s = foiume te. surtace rakio |

X,¥, 2 = rectangiitar coordinates -

. _ .

: shrinkage deflection
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CHAPTER I : 2%
INTRODUGCTION

-

L]

_Concfete, like many other méterials; tends to shrink or
k téiell.wi;h'eaéh change in moisture content. Drying shrinkaée is
believed to bg ;ne major cause of'crécking in'concféie members.
* Such craéking occurs whed the concrete member is not allowed to
shi}nk.freely in its principal direction. .
The presence of steel iq,cﬁncrete membefs reduces th§ anount
'#Bffdrying shrinkage.‘ﬁs a'result, appfeciable.shrinkage stresses
. and der;rmations are ﬂevéiofed.‘These stresses and deformations,
when combined witﬁ éﬁosé due to live and dead loads could become
critiégl and may lead to_failure of conCrétq structuces.
 Elstner and Hognéstéd (48) " ynvestigated the failure of
(AMC. Warehouee, Wilkins Alr Force Department Ohio August 1955)
rigid frame concrete struoture. They stated that the collapse
'-‘took place by a combination of diagonal tension due to dead loads
and axial tension due to shrinkage and temperature changes. RN
. Abeles (QS), in a discussion of Eistner's and Hoganestad'

‘investigation confirmed that shrinkage streases 1n addition to

R principal stresses due to shear, had ‘played’ an important part in

<}

" the failure.

Although Qome invéstigators.hava sugges;ed.different



bS]

’

formnulae for predicting shrinkage stresses and deformatioqs, :

their nmethods require an experimental evaluation of several

constants which vary for different concretes, percentages of

reinforcezents and ambient conditions.,.etc.‘The purpose of the
5
writers research.prograzne was therefore, to provide a practical and
: 1

_ A . i ,
reliable means of predicting the drying shringage of reinforced

. - B

concrete members.

A/summbry of the literature dealing with the structure 0&
A , . .

-

concrete, the vafious volume changes-which take place in concrete K ~

and the main factors.affecting the drying shrinkége of concrete are
- e

presented in Appendix Ay, ' o ‘.

-

L2
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-~ | . CHAPTER II . S

THE PREDICTION OF EEXIHQVSEﬁIEKAEE_QFZEL&IE.FQEQRETE

Over the past 40 Jears, many investigators have carried
out studies on the d;ying shrinkage of cement paste, mortgr, and
plain concrete, and have afteﬁpted to develop equations for
predicting tﬁia phenomenon. Most of the equations suggested ’
. for the prediction of concrete shrinkage were obtained emperically

and were of limited use. In recent yeazs, some investigators

‘.‘have applied dirtusion theory to describe the shrinkage of plain

concrete.
Thé various methods vhich have been used to predict the
ahrinkage of plain concrete will be reviewed here.

(‘.‘,

EMPIRICAL_APPROCH:

£

(28), in 1943, 1944, presented a rheclogical model,

Ross

to descride the shrinkage of concreto; of the fora:

Sf = O'.Qll(l —0-( ¢t/“)).....-.'--(1)
where,

5t = free drying shrinkage at time t)

0~ = force in the modsl causing shrinkage,



spring compliance in the rheological-model,

It

i

fluidity of the viscous element in the model.

&

.Thé.coefficignts needed to apply this equat{on were
gmpirically determined from the measured dat#. He ro;ﬁd that
tha sﬂrinkage déveloPment varies enormously with the size and
shape of a concrete nember. He suggested that the rate of shrinkage'
is a runction of the volume to surface ratio ot the member.

Pickett 2}, ang Dutron (@5) .1n 1956-1957, proposed
numerical {ormulge, to predict the shrinkage of concrete as a
function of the free dféing Bhrinkaé;_or cement paste, and the
volume concentration,of aggregate, cement, and air (voids).
Dutron's formula, included coefficlents which vary with the

: N\
maximum size of aggregate and the relative humidity. -

Lyse §33), in 1960, proposed a formula, to predict drying

shrlnkage, of the form:
‘ . )

-nt
Sf = Suo ( 1 - 8 ) Pc .....‘-....(2)

’

where, >

Suo = ultimate shrinkage of cogérete per 1 percent

of cement paste (by weight),

n = an éxponeﬁt‘varieétvith the relative humidity,
\
P, = percent of cement paste in the concrete. -

-

]

o



From his results; he concluded that the shrinkage of concrete
is approximately proportiOnal to the amount of cement paste.
His formula necesslitates rinding the ultimate shrinkage ot
concrete per ‘one percent of cement paste. -
) Hangen ard Hattock (29) -n 1966, studied the infiuvence of
size and shape of concrete menbers on shrinkage. Their results,
for I-beams and cylindrical epecimens which cover a range ot
values of ;olune to surface ratio from'about 1 in. to & iﬁ.,
ahovad that this parameter does not reflect adequately the
variationa of both size and hhape. ) ‘

Dutron (25), aBrived the following equation relating the
shrinkage at 50% relative humidity, and the shrinkage at any

other relative humidity condition:
‘ i

Sg = S5y ( 0.94 log 1055— ) RN £

where, ' -

o

S

50
R

"fre¢ drying shrinkage in 50% R.H., at time t,

ambient relative humidity in percent.

Wallo et'hl., (Bh), in 1968, presented the following

-

equation for predicting the dryiﬁg shrinkage of concrate at
any time:



e

where, ' . B
. )
S, = (ai;oo-ao_ovhc) (1-v)) (0.96 log 105212)10‘6 (5)
- | - ultimate free drying shrinkage at t=} 00,
s/v = surfaoe te volume.ratio, a 1
th -= volume concentration of hydrated cement,
Vé = vVvolume concentration of solids, )

The constants were empirically obtained by fitting the shrinkage
results of three different'size specioens, and two dirrerent
mixes. They used the same equation suggested by Lyse assuming "n“l
is a function of the surface to volume ratio (8/v).

The equation for ultimate shrinkage combines both tho o
equations of Pickett and Dutron. It assumes the ultimate shrinkage
to be functions of the volume concentrations of hydrated cemqnt
and solids, as well as, the ambieot relative hnnidity. Wallo's
equation fails to take into account such factors as the type,
composition, and fineness of cement, the type and gradation of
aggregato...etc. An example of their reaults is prosented in
flgure 10. The proposed analytical expresaiona seem to over
estimate the drying ohrinkago of the snall gize spociqgna, and;
their reaults do not agree with tho method recommended hy the
‘Comité Europeen du Baton (C.E.B.). :

Fintel and Khan (35), in Dec. 1969, proaented a procedure

for predicting creep and shrinkage strain based on the present

.



-

state of the art. They suggested one single curve, figure 11,
for the fractional shrinkage or creep as a function of time.

1

This implies that the rate of shrinkage and creep is conat;nt,
for different sized specimenq.rThey also proposed correction
‘factors to account 'for the relative humidity, volume to surface
ratio, and percentage of reinforcement.

ACI Technical Committee 209 (36), in 1970, px;epéred a
‘report in which' a method for predicting shrinkage is presented.
This method suggested the application of a "shrinkage factﬁr“ in
the design of structuralrconcrete elements. The followingd

hyperbolic equation was recommended for predicting the shrinkage

of concrete at any time t: ' \
e
S5, =__% Lk T (6)
r+t° .

" where, "e" and "f" must be obtained experimentally. The following
ranges for the constants, gathered from the data'reported by many

investigators, are:

- 0.90 to 1,10

0 =
T = 20 to 130 T ~)
. Sﬁ' =, 415 x 1076¢0 1070 x 10'6..... ..... cenead(?)

The following "standard conditions" were established to which

adjustments must be made to fit a partéfular set of actual

13

il



conditions:

z v

L0% ’

Relative humidity =
_' Thickness = 6 inch
5, = 800 x 1078 for 20-year period’...".(8)
Sf = —t Su .................... (9)

- 35 4+ ¢

For different relative humidity conditions, and thicknesses,
correction factors to adjust .the ultimate shrinkage (Su)'were
- - ?

proposed.

It can be’seen that the method proposed by the ACT

Committee 209, is rather limited in its use due to the numbe
.empirical constants required. Also, it fails to include al

factors affecting shrinkage. ~

DIFFUSION THEORY APPROACH:

The application of diffusion analogies, to describé the
&}ying shrinkage of concrete/was first suggésted by Carlson (3??,
in 1937, From his limited eéulte based on the shrinkage of large
concrete members, he conclufed ihét the linear diffusion theory
could not be used to predict accﬁrately the ahrinkage‘of plain

concrete, : .

Pickett (27} ) 1946, used the linear diffusion theory

suggested by Carlson and presented solutions for the drying

1



, /

_Bhfinkage of concrete and the warping cauéed bf unsymmetric drying
of beams. His results ror‘the small olab opecimens.of cement
pnste:fitted the theoretical curves well. Howevéf, for laréer
opecimens a.notable.discrepancy was obserfed He concluded that
-the shrinkage diffuagion coefticient is not constant but rather
some fTunction of the shrinkage or of time.‘*

(21)

Roataay » in 1958, using linear diffusion theory,

Presented a more complete analysis of shrinkage stresses in
concrete. He used Jacobi's Theta and D-functions to solve the
dirfusion equation. An example of his results is prdsented in
figure 12. Hia specimens ( 40 x 40 x 20 cm ), prepared of mortar
oixes ( 1:4 by welght ) and dried in 65% relative numidioy
condition, have shown a good agreement betwsen the exporimental
and theoritical results, specially at later ages.

-Becker (15} 45 1970, assumed that the shrinkage diffusion
coerficients are constant and obtained solutions for the -
fractional average Bhringaga (Sav/su) as a function of the
" Fourier number to an arbitrary scale (t/ba). After fitting a
large Variety of data, he concluded that the shrinkage dirrusion
coorficient 15 not significantly influenced by the Specamen size,
the length qf moist. curing, or by the relative humidity to which

the*apecinens were suhjected during drying. In addition he found

that the suggoated theoretical method is not significantly affected

—



1C.

by the cement and water content; by the cement composition or
fineness; by t@d type and gradation ot aégregate; by the size -
and éhdﬁe'of specimen;’'or by the ambient relative humidity. He
showed that the shrinkage difruaion coefficient is relatively
constant and that all the data which was fitted could be
enveloped by theoretical curves,fi
= 0.016 1n%/day, and K = 0.006 :

13, obtained by assuming

The band of theoretisgl curves\obtaided over this range df
K valuves, is very narrov and can be approximated by a Bingle
theoretical curve assuning K = 0.01. The data which wasg fitted
within this band cover a iide variety of cement pastea, mortars,
and concfetea, different sizes and shapes ot nenbers,_dirrerent
relative humidity, di{rerent types ot aggregate and cemgnt.;etc.
The experimanifl data he considered included many specimens he
fabricated himself asg well‘as data reported by many investigatora

from different countries of the world using native materials,
SUMMARY: .
o )
From the foregoing discussion it can be meen that, most of
the equations suggested to predict the shrinkage of concrete
ware obtained empirically, and can only bé accurately applied to
fit the particular results of theae researchere.

It appears that diffusion analogies may be used to predict

1



éccurately the shrinkage of plain concrete; however,

-this method still raquires an equri-ental evaluation of,

i)

the ultimate ahrinkage of the particular concrete being
- r
Btudied.



CHAPTER III

ThE PREDICTICN OF DRYING SHRINKAGE OF REINFORCEb CONCRETE
It has been reported by many investigators tﬁat_the

presence of steel in concrete reduces the drying shrinkage of
concrete. The restraining effect of atéel depends largely on1
the percentage and location of reinforcement in the concrete |
, member. The restralning action causes coupressive stresses in

the steel and tensile stresses in the concrete. These stresses
are believed to be transfered from the eoncrepe to the reinforcing
bars by bond between the two materials.
| "Only a few investigators have trieﬁ to develop methods of
predictlng the shrinkage of reinforced concrete members. Hoet of
the metliods suggested for the prediction.of ehrinkage stresses
and deformations of reinforced concrete members required an
e;pégkeentel evaluation of several constants, and were ;1m1ted
in ths%r use.

_~“&ﬁ£11e some investigators have suggested equatiens for
predicting this phenomenon withdutnexperimental.verification,

Oothers have provided a very limited amount of experimental work.

SHRINKAGE STRESSES:

»

Glanville ;31), in 1930, studied the shrinkage of

I

12



NR,

L

\,

e -]

symmetrically reinforced concrete membbrs (6x6x365); He
suggeated the following formula for calculating the shrinkage
strain in steel: ,
.’———'--__,_/'
\SB = sf‘ .. s heeosoo L .-0(10)
T Es Ag + 1
Ec'Ac '
'herﬁ‘!'_ | o ,
Ec! = Ec _ . oo
- 7 1t 4+ nm
Se L drying shrinkage of plain concrete, .
- . )
. A8 = area of steel, C
"Ac = area of concrete,
Es = mnodulus of elastisity of steel,
Ec = modulus of elastisity of concrete,
‘ m = ratio of creep to elastic s%rain.

~

He stated that the value of Es/Ec' is generally about 15 and
wlll not usually vary beyond the limiting values of 10 and 20.

His experimental resulta did not agree with the above equation,

. which he attributed to break down of the concrete in tension.

Shank (38), in 1935, develoPed the following equation for
the prediction or Bhrinkage stresses in reinforced concrete

mgmbers (on a similar basis to-that for columns):

The shrinkage force P = E, ‘Sr ............

I{pbd+n/bd+na/It
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where,
‘,‘p = percentage of reinforcement, o
r n = ES/ECT
b ‘= §idik of the bean,
e ;i eccentq}citj; . ~
Iy o= eoment of inertia of the. transformed section.

-

. He considered perfect bond between concrete and. the reinforcing

bene.,His analysis implies that the whole transformed section of -
\

the member reslsts the restraining force. He did not experiment-

ally Verlry the accuracy of .the abbve equation.

* Odm (39), studied theOretically the drying shrinkage of a

i

general I- beam with an arbitrary number of layere of:- reinrorcement
He presented the final formulae without deacribing the

mathematical approach used to derive these formulae, or the

eignificanee of the constente. These formulae 'ere presented for’

-

the calculation of: . :
. , 4

a, ehortening and deflection of the beam,,

w

b.' distribution of the bond stresses at the contact -

phase between concrete and reinrorcing bare, and

- C. the correeponding dietribution of the normal

v

_ etreasee of both materiala acting at an arbitrary

<

e cross-gectional area of the bean.

Odman did not-report on-the-scheee of any attempt to it

-

. ‘ N

[
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experimeetal data to these formulae. B

‘ Elvery and Shaffi (hO)' in'l9?6, usieg the same approach
as Glanville, presented similar formulae for the prediction of
Bhrinkage“streeses and deformation% of eccentfically reinfcrceq
concrete beama. Their results of shrinkage force\;BH tensile
etrain in ‘the concrete at-the 1evel of the steel were
respectively lower and higher than thecorresponding calculated
values. They explained that such discrepancies could be due to

some error in the creep data used, Their experlmentel 'ork was

limited to two rectangular ‘beams 4 in wide, 5 in deep,; and 5 ft.

~long.cast from a single concrete mix. An example of their results’

is presented on figure 14.

Keeton (4‘), in Nov.‘19?0 performed shrinkage tests on

‘reinforced concrete specimens of 5 in. width, 12 in. long, an&

thickneasea of 1, 2 and 4 inchea. The specimens were reinforced

with steel mesh of no. 12 (0.10 in. diameter) or mo. 14 (0.08 in.’

diameter) The specimens were allowed to: dry from the 5x12 ineh

faces, thue simulating a continuous slab with the thickness being
the only variable. His etudyeconcentrated on attempf?’to predict‘“’
the overall’ ehrinkage of reinforced concrete slab Bpecimens

rather than the induced stresses. He suggested that the shrinkage
of reinrorced concrate could be predicted on the basis of the

ratlo of the exposed surface area to volume. He presented an

-empirical equation'and_correction factors for different relative
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humidities- and thicknesses to predict the overﬁll shrinkag;
of reinforéed conérete slabs. Him method was-similar to.that w1
proposel by ACI Committeén209. He explained'thﬁt'thz constants \\‘; -
he;derived for th?-LCI formulae are applicable only tc the ‘

concrete mixes he used inm his experiments,

SHRINEAGE DEFORMATIONS:

A number of researchers studied the effect of drying

. shrinkage on the warping or deflection of eccedfrically

reinforced concrete members. g .

Miller (AZ)’ in 1958, studied the effect of’ahrinkage on
the warping of upsymmetricaliy reinforced beams. He assumed that,
ﬁgpeel reinforcement restricts but does not prevent shrinkage jin ‘
{:; effect¥ve direction. It p;bfents free shrinkage of the concrete
immediately adjacent-to the steel to which it bonda, thereby

inducing tension in the concrete and éompreaaion in the steel,

The amount of concrete that partibipates in tﬁis'interaction

\determines the compressive eftect on the steel™. This implies

that plane sections before the shrinkage effect has taken place,

many not hecessarily remain plane afterwards. This does not agrae

with the assumption of linear strain distribution across the
A

section on which he based the following relationship of strain-
curvature in his analysiar

»

rinkage curvature ¢ ceesana..(12)

|
n

t
L%]
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=" ‘S_.r(] "SB).n-t.oo--.;...----tc-o---t(]})
a .

N .
and the defflection "S max"

> .
5.pa, = S, L° 1~ Sy ARREEEETTTPP PR A1)
8d Sr ‘
where, ‘ . . ‘ ..
S8 = s8hrinkage strain in the steel,
Sr = {free drying shrinkage of concrete,

= effective depth of member above steel level,

~

" the length of the member;_

N
- =)
n

F

He stated that SB/St.is constant and dependent on the cover of
the steel rat;her thw percentage of steel: The a'borve equation
c;n be only used when d=2/3 the total depth of the member.

Corely and Sozen (43)’ in 1966, suggested the use of the
following expression to es8tinate the ultimate shrinkage

curvature ¢u: =

Ou = 0:035 (P ~P') eivueniiinn. ... vesans (15)
d

where,

Compression and tension reinforcement ratios

w

Y
o
b

respectively,

d = Effective depth of member above steel level.

-
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Equation 15, was limited to concrete having an ultimate drying
shrinkage, of 500 p in. /in.. To account for the shrinkage

curvature at any time, they suggested the following factér @ ::

0.13 1n (t + 1) .......;..... ...... cees(16)

G =
0, = G.o ° e, N e, (17)
= 200555 (P = P') Ln (t + 1)......... ....(18)

d .

Elvery and Shaffi (&0), in l9?b, considered. the curvature
o) due to shrinkage according to the assunption for Worxing

- Stress Design as: .
0 = M = bending moment .............. .ee.(19)

EI flexural rigidity

from which the following equation for the deflection was 6btainod:

§ max .

= p.e.L Sttt tacieet et vees(20)
8 BeIc B
where = 'shrinkage force,
L = lengty of member,
¢ = eccentricity,
J

The effect or creep was taken into account by using an ~effective

value of static elastic modulus of the concrete,
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E E ‘ -
€ =_c _ T e ettt (21)
(14m})
where,
Ec - Young's nmodulus bf'concrete,

2]
1]

ratio of creep to elastic strain.
ACI Committee 209 (36), suggested the follow1n5 equation
for predicting shrinkage deflection of eccentrically reinforcad

\
concrete members:

where,

A, = deflection coefficient, .
=.1/2 rorlcantilever members,
= 1/8 for simply supportéd @egbers.
¢ = -shrinkage curvature,

= P. e
E.I
e

= Ec/(l+m1
= (AB-AS')SI ‘EB

m = creep strain to elastic strain,.
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‘Based on the available eXverimental data on ¢reep, they

guggested the use of an average value for a equal to 1.0. Their

expression for the shrinkage force assunes the shrinkage strain

ih Steel equal to the free drying shrinkage of plain concrete.
Wagha (46)(4?), presented experimental results of shrinkage

and creep deformations of reinforced concrete elabs and beams.

The specimens were dried in air where the temperature varied from

70 to 86°F and the ambient relative humidity waried from 20 to '

80 percent. He admits that the estimated shrinkdge deformations

0f the tested specimens are not completely valid, but they
provide a rough estimation. He concluded that the presence of

compression reinforcing in concrete members results in lower
creep and shrinkage deformation than in members with tension

reihforcing only.
SUMMARY:

From the roregoing.it’can be seén that, most of the methods
suggestedlror the prediction of shrinkage stresses and
deformations require an experimental evaluation of several
constants which vary for difrerent concretes, percentages of’
reinforcement and ambient conditi?ns...etc. .

Figurg 14a shows typical shrf%kage results of reinforced

slabs fitted with the most current empirical ®yuations suggested



¥

by Fintel and Xhan (35) and ACI Coznittee 209 (36) (Based on
the present state of the art, 1970). This figure clearly shows the
deficiency of current emperical methods for the prediction of

drying shrinkage of reinforced concrete.

o



“CHAPTER IV
RESEARCH ATMS .

It has been shown that the shrinkage of plain concrete
can be déscribed by linear‘diffusion theory. However, this
method still requires an eXperimentalrevaluation of the‘
ultimate shrinkace of the concrete. ,

Only a limited amount of experimental data has been
ﬁublished on‘thé shrinkage of reinforced concrete. Based on
the limited results which have been bublished! the methods which
have been suggested for predicti;g the shrinkage of reinforced
concrete do not appear to pro?ide a.practical solution to the
problem. The gffect of such factors as th; percentage of
feinTOrCement! bar diameter, and specimen size of reinforced
concrete members have not yet beén adequately ostablished.

In general, therefore,'the writer's research aim was to
develop a practical method for predicting the shrinkage :of

reinforced congrete members. In detayl this involved the

following:

APPLICATION OF DIFFUSION ANALOGIES:
/

Since diffusion theory seems to take into account all the

, ’ . 7
main variables affecting the shrinkage of plain concrete, the

22
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author atteapted to apply this method to tke prediction of the
drying shrinkage of reinforced concrete, Iﬁ general terms, this
entailed developing a diffusion apalogy which would adequately
take'intd account the effecks 6f specimen size, diffefént bar’
diameters, different perceﬁtages of reinforcement, and .
different ambient relative humidities. It was also necessary to
determine how the shrinkage dirfﬁsion coefficients of plain
aﬁdlreinrorced concrete vary as a function of the different

b i

variabiea mentioned above.

EVALUATION OF THE ULTIMATE SHRINKAGE:

Singe diffusion theory requires the experimental evaluation
of the ultimate shrinkage, it would be advantageous to establish
a quick method to evaluate the uléim;te shrinkage of plain and
reinforced concrete.

The second part of this research programme was, therefore,
to study the shrinkage of plain and reinforced concrete dried
under accelerated conditions. In specific terms this investigation
vas designed to establish a quick method to evaluate the ultimate .
shrinkage of plain and rqinfﬂrced concrete for different aﬁbient
relative humidities and tu.detarmine hpw the moisture loss amd

the shrinkagerdevelopment'or plain and reinforced concrete are

related under accelerated condifions of drying.



Theoretical- Analysis:

»

The pﬁrpose of the theoretiec analysis was to estaﬁlish
a relationship between the uitimat shrinkage of reinforced
concrete members and the ultimate shrinkage of aimilar plain
concrete members, taking into aécountfthq_éffect of different
percentages of reinforcement 10cated'symnetrically and

eccentrically with respect to the concrete section.

SHRINKAGE STRESS DEVELOPMENT:

The third part of this research programme was designed to

LY

study the development and distribution of shrinkage stresses

in reinforced concrete members, in an attempt to take into

‘account the effect of member length,

<7
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CHAPTER V ! -
. THEORETICAL CONSIDERATIONRS }

From the foregoing, it can be .seen that the problem ofr -

predicting the drying shrinkage of reinforced concrete members

.18 a difficult one. It has,been shown that diffusion théory can,

be applied to predict the drying shrinkage of plain concrete. The
analytical methoda which have been suggested for predicting the
ahrinkage of reinrorced concrete need more experimental
verifications and do not apopear to péovide a practical solution '
to the problem. . . ‘ ‘

The 'ritar béliQVea that to achieve a more practical method

of predicting the shrinkage of reinforced concrete,dlrfu31on'theory

‘combined with a theoretical analysis to eatablish the relationship

boetween the ahrinkaga of reinforced concrete and the shrinkage of

'Bimilar plain concrete rapresenta the most promiaing approach’

~ .

DIFFUSION THEORY: ﬁb

. - ‘
Diffusion is the process by which matter is transported from

one nart 0f a system tOvﬁnother &8s a result of random molecular

.motions, The transfer of moleculesn usually takes place from‘the

ragion of higher to that of lower concentration (44)

-
h
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Transfer 0f heat by conduction is also due to random molecular
motlons. The mathematical theory of diffusion was first introduced
by Flck based on tne mathematical equation or heat conduction
‘derived some years earlier by Fourier. The drying oI porous
50lids can be described by the theory or heat diffusjon, 'hich is
based on the hypothesis that the rate of transrer of dirfoaing
substance through unit area of a sect;on'is proportional to the

Concentration gradient measutred normal to the section, i.elL,

- D = K DC i eeeea(22)

In general, the difrerential equation of diffusion takes
Lo A - H

the form: .
}g = di%r\ad. (c))..;.l...........(a})
Rt | -
where,
cC = The amount of diffusing gubstance
t = time
K = diffusion coefficient

(x,7,%.) - rectangular coordinates, .

When the diffusion coefficient K is constant equation 23, .

| I



becones,

Initial and Bdundany Conditions:

A

The initial moisture contggf (Co) ;é considered constant

throughout the body, 1

.e"7

: The boundary conditions are expressed by formulae analogous

to Newtonts Law of cooling at the boundaries, i.e.,

3¢ _d¢c _c _
N ™" dx © oy
where,
f
N

.%g = % (cé-c) at exposed boundaries.(26)
DC - N d b »y
=es =0 at seale boundaries,...(??)“

surface factor,

tl

nornal . to the surface .



For slow-drying mafefial,such as clay,.hricﬂ' and concrefe
the parameter, fb/k, may be considered equal to inrinity. Tha
error 1ntroduced by this asaumption is negligible when the ‘
value of the parameter, fb/k, exceeds 100, This assumption was
made by Terzaghl and Frohich. (27), Carlson (37), and many“other
investigators. Accordingly, the initial and boundary conditiona

become._'

© in the interior .........(25)

Q
1l
Q
f
(23
cr
1§

- ? -
and C = o at’ t = o at exposed surface ......{28)

Solution of the diftusion equation was obtained using the
above simplified boundary conditione, and can be found in
References 2?, and 44, ' ' L

A F~]

A&C

Rectangular Members Drying from 1,2, or 4 Sides:®

Only the exact solution of the diffusion equation by -
Fourier seriea will be proaented A discussion of the difrerant

- methods used to ‘solve the diffusion equation can be found 1n 25:
}‘ -
References 15 and 44,

%
-

14

Slabs or Beams. Drying {from one or two Sides (. ah ): In thig cane .
A .

‘the general linehr ‘af feiiation equatidn ‘24, “reduces’ to:
\ .
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. PY N
— = K D eeceeriician e (29)
dt By !

A 7,
The solution of equation 29 is therefore,

o

_ oy et 1=(en=1)°m 3kt (en-i)my’ (30)

o [ (en=Ty ®XPe 2 -2

1 . . Nn={ ; . l‘b i)
The above equation can be modified to obtain the

T

fractional moiature loss (1-U) such as,

C -C n-1
-1 1- (2n—1)an2Kt )
e = "&z%a_nzﬂ" e

<>

cos .gan—lzvx et "'E""'.(B')
.~ 2b ,
where, . e ' ' T
] , ‘U = .g_
, 0

The average fractional moisture loss (1-U) ca;}%e obtained
'-‘by integrating the above equation with respect to 'y and dividing
the integral by the depth b, i.e.,

' 1 *»D . ) ) - ‘ : T ¥
(1-T) = % M- dy e, eseee (32)
: ) . N
1 w ] U
1 -(anl)anaKt .. (33)
2 Te 2= —_— exp
w2/ (op-1)2 Lbe
.on=t '

LBeam; or Columns Drying from Four .Sides: The solut}gns for
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. rectangular members dfying-from four sides can be obtained by
superpositionnffqn the slab solution. '

Réiriting equation 33, in the form °
(IQﬁ)S = (1-series (6:) ) veersreed(3y)

. \( T
Solution for the average fractional moisture loss of

rectangular members (@b x 2a) can be obtained such as,
(l-ﬁ)R = 1~ {series (B)). (series (A)) vees.(35)

Shrinkage Diffusion Analoglies:

The application of diffusion theory to describe the drying
Y
shrlnkage Of plain concrete was made on the assumption of a
linear relationship between moisture loss and shrinkage (15)(2?)

Accordingly the following mathematical assumptions can be made:

(-8 =" Caw/Sp = SawS) 6
wﬁer;,
(1-U) = the averége fractional moisture loss
»(saffgu)r = tﬁe Avefage I'ractional :ree drying shrinkage
of concrete =
fsaifsi?s = the average fractional shrinkage strain in
=2

]

steel,

LY
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Solutions of the dirrusiqn equation for rectangular
meabers drying from 1,2, of 4 sides are presented, for the
average fractional shrinkage (Sav/su) versus the Fourier
number t;\ap arbitrary scale, in figures 15 to %g.

THEORETICAL ANALYSIS: >

-From the foregoing, it can be seen that diffusion théof;
can be used to FeveIOp equations for the average shrinkage‘of - -
plain and reinforced concrete as a function of the ultimate
shrinkage. The evaluation of the ultimate shrinkage is still to
- be determined. The féilowing analysis'is therefore, intendeé\Yﬁ*‘f“\
establish a relationship between the ultimate_shrinkége 6f \
reinforced concrete members, and the ultimate shrinkage of |
similar plain concrete members, takiﬁg ipto account the effect
Oof different percentages of relnforcement located syzmetrically

-

. x
and eccentrically with respect to the concrete section.

]

Preliminary Assumption:
- o
I# is obvious that for unrestrained members, tﬁe shrinkage
force #cting on the s}ool and concrete portions aust be equal;‘
and act in opposite directions. Also goglecting 3115, the
atrain in the atoci wlll be equal to the resultant strain in
concrete (st'scn)’ rigure_ao.‘In more specific terms the

assumptions for.the equilibrium conditions are,
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A

Equilibrium of Forces: In each menber the sum of forces in

the concrete is equal to the sum of forces in the steel, act

in the opposite direction, and lie on the same line sinca the

sum of Homents of both foreces 15 equal to zero, i,e.,

Comvatibility of Strains: Assuming no bond slip away from the

ends of the member, the sum of strain of both naterials at gteel

level ig equal to the free shrinkage of a similar plain concretae

member, j,e.

S + § = Sp e, cereiteenn..(38)

{ T N
7

where,
Ss = the shrinkage strain;in.steél,
Sen = the ahfinkage strain‘in'concrete, L
Sf = the free drying shrinkage of a similar plain

concrete member.

Using the above assumptions, the shrinkage force {P), and
hence, the shrinkage strain in steel ( a) were derived for the

follo'ing casesg:

Eccentrically Single-Reinforced Member:
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The shrinkage force is therefore,

AB Ac Es Ic

: 2
Ic(nAs+ Ac) + nABACe

and the'shrinkage strain in steel 1is,

AcIc
Sy = . ¥ Spe vrerrecanns . (40)
\Ic(nAB+Ac) + nAaAce : )
where,
: Ac = area of concrete,
AB = area of steel,
I. = moment of inertia of the concrete section,
n = Es//Ec - (1+m)
m = creep to elastic strain ratio,

e = the ecéentricity.
—
.
Symmetrically Reinfoﬁced Member:
Y

The shrinkage fbrjé} and\tha shrinkage strain in steel can
be easily obtained: by aubstitd&ing the eccentricity e in equations

39 and 40, to be equal to zero. Thus,

P= fC LRI B ST .o-ooto(l}')
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A . i - .
S = < ) ’ Sfc‘ ---.-.»..-..-(‘{2)_
(nAs + Ac)

Considering the gross area AG = As + Ac and the percentage of

reinforcezent P =-AS/AG equation 42, can be written in the form:

The previous equatiop can be applied to obtain the
shrinkage ;orce P, and the shrinkage strain in steel SS, for
long members. ’

For short members, the average strain over the length of
the reinforcing bars_Ss% will be less than the strain in the
central portion SS due to the bond slip at the ends. |

{
Shrinkage Deformation:

In eccentrically ﬁainfofced members, the shrinkage force P
teﬁds to cause bending monqﬁts acFing on the concrete section
which cause the member to warp Or deflect depending on the
location of steel with respact to the concrete section.
ﬁeglecting the ‘end portiona, and for long members such moments

W1ill be constant along the member, i.e.,

H"= P-e --------- I T T .-.CICOO(M)
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‘and the shrinkage curvature is,

Thus, the maximunm shrinkage deflection gmax' for uniform member,

is therefore,

b = Ay O T (202)
where,
A' = deflection coefficient
= 1/2 for cantilever member
= 1/8 for simply supported membef.:.etc.,
: Ec'= effective modulus of elagticity
,; i Ec | | | | |
m = creep strain to elastic straiﬁ
Ic = mnoment -of inertia of the concrete section
L = the spa# of the(@embgr.

’ ' s

The maximum shrinkage deflection can be written in the fora,

The maximum value of m ranges from 1.5 .to 2.0 . Based on the

T



available creep data reported by cany investigators, ACI
Coanittee 209 (56), sugsested that a value of m equal to 1.0 -
can be used with reasonable accuf&cy in predicting the shrinkage

deflection,
For concrete members with tension and compression reinfor.-
cezents, the principal Of superposition can be used for

evaluating the shrinkage force afd deflection. Thus,

“ 4

N

P = P.+P

and 6 = 6t“6c

where,

-

Pt’P = shrinkage force of concrete member due to

tension and compression reinforcement

respectively | ' ‘

5,,6

£29¢ shrinkage deflection of concfete member due

-

. to tension and compression reinforcement

respectively.



CHAPTER VI

EXPERIMENTAL PROGRAMME AND PROGCEDURES

EXPERIMENTAL INVESTIGATIONS:

4

. The pﬁrpose 0f this experimental brogramme was; to provide
a wide range of experimental data to test the theoretical

methods developed by the author to predict the shrinkage of

" reinforced concrete members; to establish a'quick method of evaluat-

'1ng the ultimate shrinkage of plain and reintorced concrete; and
to study the develonment of shrinkage stresses in reinforced concret
The experimental pProgramme can be considered to include

the following three separate investigations: N~

Drying Shrinkag&'or Reinforced Concrete Hembe#%:

This investigatibn was designed to cover a wide range of
slabs, rectangular beams, and columns to establish whether - - 7 .
diffusion }heory can take into accbunt the effects or spécimen
size; percentage of reinforcement, bar diameter, and the ambient
relative bumidity. Since this involves long.term e}perimentation,
this invesyigation was initiated as soon as posgible in the
author's programme. Theivariables which were included in this

investigation are the following:

Laa”

t. Cement: ..ee...cuu...... s erieceenna Type I and Type IIT.

€.

>~

oy

¢
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1}
[

2. Plain and Reinrqrged Concrete Specimegs:..éiaba drying
from two sides having tidths of 3, gjé, and 12 inches. .
Beans drying from four sides havinga height of 3 inches
and widths of 3 6,9, and 12 inches. Square columns drying
from four sides having dimensions of 4xk, 6x6, and 8r8 $nches.

3. 'Reinforcenent:.....;Eynnaif%cél_reintorcement, slabs and
beams having percentages of reinforcement ot 2.22%,  3.45%,

Y and 4.9% using #4,7#5, and #6 steel bars regpectively.
Columhs having percentages of reinforcement of 1.25, 2.5%,
5.75% and 5% using #4; bars with the 4x4 1nch_specimens #6
bars with the 6x6 inch specimens, and #3 bars ‘with the 8x8

‘

inch specimens, figures 21, ‘and 22, '
L. Relative hunidities:...... 7%, 32%, 54%, and 76% under constant
temperature of ?0—2~F.

-+

Ultimate Shrinkage Development Under Accelerated Drying Condition:

N . ry
A -

-

The purpose of this 1nvestigat;gn was to establish a quick
test for the determination of the ultimato shrinkage of plain and
reinforced concrete members, Thisg ;nvestigation alsc considered
the relationship between. moisture loss and shrinkago of plain
and reiﬁfcrced concrete under the accelerated conditions of drying.
The mixes were made uaing Type I cement. The variablee which were
included in this investigation are the following:

{
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1. Length of moist Curing:...'.. 1,3, and 7 days.
2. Plain and Relnforced Specimens:...slabs drying from two
sidee having widths of 3,6, and 9 inches. )
2. 'Reinforcement....symnetrical reinforcement using #5 bars
with a percentage of reinforcemeat of 3.45% for all.specimeﬁh;
4. Drying ‘Conditio'n:....by the application of 15 psig vacuum at
a temperature of 100 F and by the application of heat at

a temperature ot 220 P

Shrinkage Stress Development =

s The purpose of this investigation 'as to study the bord

stress developed between the concrete and the reinforcing bars
due to shrinkage and the distribution of shrinkage stresses
along the reinforcing bars in an attenpt to take inio account
the erfect of member length The mixes 'ere made using Type I
cenent. The specimene were dried in a relative humidity of 7%
at a constant temperature of 70 - ZOP The variables 'hlch were
included in this investigation are the following:
t. Plain and Reinforced Specinene....square colunmns drying

. from four sides having dimensions of uxk, 6x6, and 8x8 inches.
1.25%,2.75%

1.25%,e=t/y

2. Reinforcement.......ewnnetrical reinforcement PS

It

I

6 specimens with 'nneynnetricel reinforcement P8
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5. Specially Reiﬁfcréed Specimens:.. square éoluﬁns dfying

from four sides having dimensiqns of 4x4 and 6x6 inches,
syﬁmetrically feinrorced using #6 and'ﬁB modified steel
bé;s with ¢ffective percentages of reinforcement of 2.2%
and 1,86% rgspectiVely. U '
L. Typeﬂgf specimens:.?.Groub‘I,specimens,iinclude all the.
reinforced specimens, applying strain gages at 4 or 5
.locations along the 12" long réinrorcing bars. Group II
specimens, include all the reinforced and plain concrete
specimen;, using screw inserts attached_rto the reinforcing

bars or enmbeded in thé concrete at both ends respectively;

the screw inserts will be discussed later in this chapter.

MATERIALS:

R

Cement: .
bbbt . -
Both. Type I ordinary and Type IITI high early cements were

used in the first investigation. Only Type I cement was used in

the suﬂsequent investigations. These cements were Lake Ontario

ordinary and Canada High Early Cement. Each type of cement was .
thoroughly blended,.acdording_to ASTM specification before it
wag used.. The compohﬁd composition and physical tests of both

cements are presented ingiﬁpendix d.
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Sand:
The sand used in this experlmental nrogramme was a well-
graded natural sand obtained from the west pit at Paris, Ontario,
which meets ASTM Specification C33, The sang Wwas oven-dried for
24 hours at a tenperature of 220° F, and then storedq in sealed
metal drums to cool to room temperature before belng used The 3

N
properties of the gand are presented in Appendi C

.Coarse Aggregate:

" The coarse aggregate used in this programme was a locally
] obtained crushed llmestone, conforming to ASTM soecificatione
for concrete aggregates 033. The maximum size of aggregate was
S/thnch, and the sieve analysle results are. presented in
Appendix C. The coarse aggregate was used nga Baturated surface

dried condition. This wasg accomplished by soaking.the aggregate

for 24 hours and then drying the surface before being used.

‘

Redi

2rs used in this programme were "
' : \
1ntermediate grade deformed conﬁ)rming'to ACI specifications,

Bupplied by a local c0mpany, and were cut length of 12 inches.

" Bach. bar was drllled at bth ends with an 8,?29 drill to a depth of

I K

‘e
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3/4", and was tapped with an 8-32NC tap. Screws of 1%" long

:were then inserted into the bars. After the screws were tightened,

the heads were then cut and filed. A 3/8" hexagenal brass stud
of 3/4™ length end with 3" tapped hole was tightened to each
Ecrew when the reinforced specimens were stored tnto the drying
chambers.

Screw Inserts:

For the plain concrete specimens, 8-32KC screws, of 1}n =
16pg were embeded at both ends for a distance of -3/4", and were
tightened to the forms by nuts and washers. The brass studs were
tightened to these screw inserts later in the storage proceaa .

which will be discussed later in this chapter.

Strain Gages: _
The straln gages used in the third investigation were

supplied by W.T, Bean Inc:, Detroif Michigan. The'gages had a

. gage factor of 2.02 io.a Ohms, and a gage length of 1/8 inch.

A smooth clean eurface was achieved at a1l gage locations. The

. gages were fixed using Type 910 cement and then coated withrjzf:

.8pecial moieture preventing coats. The ,gages -were place&i'@Q

outside, except for the modified»bars where the gages wefahﬁﬁaced
on the inside after the bar was cut into two halfs, The two halfs
wore then rixed togother by & special steel cement . The gages

were located as Bhown in figure 23,

~ [
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. EXPERIMENTAL PROCEDURES:

Mix Progortions' - ; - . : T
The mix proportions were obtained using the ACIT atandard ‘

method for the design of concrete mixes. The mix.@as then -

modified,experimentally to give a slump of 2 ;6 3 inches and

a 28 day atrengtn of about- 5000 psil. The mix proportions ma; be

found 1n Appendix ¢, : S

Mixing Procedure: -

The mixes for the first and second investigations were

prepared using a drum mixer manuractured by Soiltest Inc., of

1} cubic foot capacity and powened by a 1/3 H.P. electric motor,
The c0a§se aggregate and water were first placed in the mixer.
The cement and eand ware then gradually added as mixing commenced
The materiale were then mixed for éi?Lriod of 2 mlnutes, follo'hd'
by a 1 minute rest and 2 minutes of rurther mixing. This method
wasg found experimentally to give more homogeneous mixing, - ‘

The 'orkability ot the hatches was established using the
slump test, which waB conducted according to ASTH apecification
Ciy3. ' { _ .

The mnixes’ for the third inveetigation were prepared using a ;
Counter-Ourrent Rapid Mixer, manutactured by Eirich Inc. of weet

Germany, of 5 cubic foot capacity and powered by 4 7.5. H.P. Tamper

G
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A.C.Motor. The concrete was mixed according to ASTM specifica-

tion C192. - )

Forms Preparation: . »

.The column specimens were prepared using ateel forms .

' designed and machined by the writer. 1/8" diameter holes were

;

drilled through the base of the forms at different locations
according to the type of specimen. These holes were use& later
to-hold.the screw inserts for the plain concrete specimens as *
well as the prepared reinro;cieg bars fdr.ﬁhe reinfofcad'specimens.
At the top, #" thick steel strips with holes were used to hold
the bars and the qcrew inserts, The forms were covered with a vary'
thin coat of ¢lear form oil‘befor belng used. *

The slab-gnd beam specimens wére prepared using woodan
forns. Similar holeéﬁ;ere drilled through both ends at fhe
required location according to the smize of snecinen to hold the
bars and the screw inserts. Polyethylene sheets (6MIL), were ‘
placed inside the fqrms to prevent any moisture loss through the
forms. The sheets were held by masking tape anﬁ.packa at each

-

corner. a : \

Moulding and Compaction:

For all column specimens ateel forms were used, However,
due to the large Juﬂher and different sizee oflalab and heam

Specimens, wooden forms were uzed to accelerate the manufacturing

of these specimens; The batches were kept within 1 to 1.3 cubic
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feet to avoigd spill of concrete during mixing. S

The forms were placed on the vibrating table (VIBCO Table
Vitrator, rnodel U.S. 450, 115 Volta, 2.8 amp., and 10,000 V. P.M.)
and were not remOVed at any time dnring ‘the filllng and’ tamping
operations. The concrete was placed in three layers in the forms.
After each layer was placed the concrete was tamped with 3/4n
diameteﬂ steel rod about 25 times, The rilling and vibrating
Operation tock about 8'to«10 binutes. This casting operation was
found to give well compacted concretes in the corners and around
the ateel*bars.

Due to the largc number of batches required to manufacture _

all Bpecimens, the specinens were divided into groups according

to the” Type or cement and the anhient relative humidity condition.

_ Each group of specinena was prepared in one day by nixing 4 or 5
batches ' daily.

Curigg: g;\\ \1//

Imnediataly after uoulding, the specimens were placed in a
moist curing chanber,which was maintained at 70 : 2°F and about
100 percent relative hcmidity. The specimens were placed on ¥ooden
ahelvea‘built inside the chamber, and were cocered with 6 mil

,polyethylena sheets to avoid dripph@g of water on the surface of

- the fraah specimens. The next day the forms were gtripped and the -

concrete specimens were returned to the moist chamber for a

r
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further six days after which they were sealed and stored in
the preconditioned drying chambers. ‘ .

Y -

Sealing: ) - -

After 7 days of moist curing the specimens were removed
froq\éhe noist chamber to another temperature-controlle§ lab; '
The column and beam specimens were sealed at both ends, while
the slabs.were sealed oﬁ both ends and on top and bottom to
allow drying horiZOntally.lThe sealing was done using a connercigl
asphalt; and 4 mil and 6 mil polyethylene_vapouf—tight rheets.

The specimens were scurface dried using paper towels. The
asphalt was applied using a paint brush. Immediately after
the first asphalt coat was applied a,precut stiip of 4 mil K
polyethylene was placed on the wet coat. This strib waafthen
covered with another asphalt coat and a 6 mil polyethyléﬁg sﬁ%ip -
was finally placed on the sealed area. To avoid Bliding of the
polyethylene striés, they were held by elastic bands. Additional
masking tape was fixed at the two edges of the polyethylene

strips for the slab specimens only.

'Storage: ’ 8

The scaled specimens were placed in preconditioned relative

Lrd

humidity chambers or vacuum drums according to the condition of

drying.



The humidity chambé{ﬁ were built of 3/4" ply wood. Bach
chamber had a top, a bottom, and two ends.'?he two open sides
vere either 8 or 10 ft long and between 12 to 20 inches high
depending on the number of shelves required to store the
specimens in one or three rows. The width of thése chambers was
.12", which'was the same length of the‘specimens. The chambers
were covered with 6 mil polyethylene sheets all around, The screw
inserts of each spec%?en were tgén‘punctured,through-the'
polyethylene sheeﬁs and the hexagonal brass studs were tiggtened
with washers to these scrp;s to imsure proper éeating for the
extensometer whicg wag used ;ater'tb take the shrinkage readings.

The relative humidity was accomplished by using sPeQial
Baturated salt solutions. The salt dblutiona were stored in
pyrex glass pang at the bottom of each chamber., To insure the
exact relativa humidity through every chamber, special vacuum-
pressure air pumps were uaed to draw the air through these¢ salt
s0lutions and back to the pump through 3 holes at the top of the’
chamber. The salts used in this-programme to provide the required

relative humidities were:

s _

" Sodium Hydroxide........... I 4 R.H.,.
Calcium chloride,.yeove.....32% R.H.,:
Magnesium njtrate...........S54% ﬁ.H., and
Sodium chloride.............?6%’R.H..

Figure 24, shows a typical humidity chamber,
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The vacuum drums were of 45 gallon capacity. Movable wooden
shelves were built inside each drum to provide proper storage of

the specimens. Sodium chloride crystals wereplaced in the bottom

vof the drums tq, absord any available moisture. To insure against

leakage through the drums, a clamped cover 'ith a rubber liner
was used to geal the top. A 15 Psig vacuum pressure wag applied
fo'these drums, and the temperature was maintained at IQO't 2%
by.means of an electrié heater and fan built insjde the storag;
room previously used as a ‘moist-chamber in this experimental
programme.

The bvén—dried specimens were Placed 1n the oven immediately
after sealing and the zero readings were then recorded. The

- %~

temperature in the oven was 105 %¢ throughout the drying process,
N

-Before taking the subsequent readings the specimens ware allo'ad

to cool for 12 hours to room temperature.

Readings and Heasurinngechnique:

“ LS

Readings: -After the specimens were placed inside the humidity
chambers, the polyethylene cover was sealed with'masking tape.

The zero shrinkage readinga were then recorded for every specimen;
the readings were measured using a Bpecially designed extenaoneter,
figure 25, :

~

For the specimens stored in the vacuum drume, the zerd
shrinkagw readings and original weight were recorded before placing
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the speéimena ingide'fhe drum. Additional readings were taken
after removing the specimeﬁs from the drums when necessary. The
vacuur had to be removed }or an hour to enable recording of the
readings. This was not done for the specimens stored in the
humidity chambers as the shrinkage readings were iaken from the

outside without disturbing the specimens.

/ B

i
e

hY

»

Measuring Technique: The ra@er loss was measured using a

. Fairbanks Morse Scale of 36 1bg capacity, and 0.01 1bs.accuracy.
The only exception, was for the L4x4 oven-dried spécimens, where
the water loss was measﬁred using a Bepkal Scale of 10 kg
capacity and I} gm accuracy. '

The two extensometers used to measure the length changes
were specially built of 1% x 1} x ¢ steel T-Section as shown in
figure 25. The extensometer was geated freely on the hexagonal
brass studs. It had a micro head at one end and 1" travel dial
gage at the other end, with an accura¢y of 1 x 104 inches. This
vasg foundrto give a minimum seating error of } x 10-4 in. A
small water level was used to insure consistancy in the position
of the extensometer. To avoid any temperatuﬁe effect, the .,
extensometer was callbrated and checked frequently during the
reading process tith a standard TE“ long invar bar with brass
studs fittad on its enda. The extqnsometer was kept at the same

' temperature as the stored specimens.



Budd switch and balance units and a B™udd strain

recorder were used to measiure the strain readings in the

third investigation. The systen
P in/in,

had an aceuracy of 5 x 10'6

50



CHAPTER VII
. DISCUSSION OF RESULTS

After the shrinkage readings were taken\at the selected

. gage points as described in chapter VI , the average shrinkage
strain in steel (Savy) of the reinforced specimens,as well as,
the average free drying shrinkage (S ) of the correspondlng
plain concrete specimens were then calculated The ultimate
shrinkage values (Su) for each\group of specimens dried under
normal condition were reache® after approximately 250 days of
drying of the 3 x 3 im. slab and the 4 x 4 in. column specimens.
The average fractional shrinkage readrﬁ/; (s v/S ) were then
calculated and tabulated in Arpendix D.

The ultimate shrinkage and the ultimate moisture loss of the
specimens dried by the application of 15 pslg vacdum and 10005
were reached after 120 days of drying of the 3 x 3°in. slab
Bpecimens:ISimilarly.the average fractional sﬁcinkage (Sav/sd)
and the average fractional moicture loes (1 - ﬁ) were calculated
and then tabulated in Appendix D, |

Each group of specimens Ies clasgified by a code cystem
located at the upper left hand corner of evoery table and graph,
For example, $ories III -5-32%, PB=3.45%. revresents the slab

specimens made of Type IIT cement, reinforced with 3:45 per cent

-

51
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v : ) :
steel, and dried in an ambient relative humldity condition of 32%.

YOISTURE LOSS VERSUS SHRINKAGE OF REINFORCED CONCRETE:

The épplication of diffusion analogies for the prediction of
reinforced concrete shrinkage was based on assuming a linear
relationship bet*een moisture loss and drying shrinkage. To
verify this assumption 54 rainforced concrete specinena were tested.
The Specimens were subjected to 15 psig vacuun, at a temperature
of IOOOF._The{results of the average fractional shrinkage (sav/su)
~ were plotted against the.corresponding average fractional molsture
loss (1 - U) and are .presented in figures 26 to 28. Each graph
is identified by a code system on the upper lert hénd corner. For
example, I-S-3D-VAC., P, = 3.45%, represents th;‘slab Bpécimens
made of Type I cement, moist cured for 3 days, reinforced with
3.45% steel and subjected. to the vacuuﬁ drying condition mentioned
above. .

An®examination of these graphs shoys that, at ea?ly ages a
comparatively small amount of shrinkage occurs as compared with
the relatively large amoﬁnt of molsture loss. This is probably due to
an excess 0f molsture at the surface before the specimens were
subjected to drying. Also the shrinkage readings represent the
.average shrinkage values along the width of tho slab at a minimum

distance of 1% inches from the drying surface as the bars and the
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brass inserts could not be :zcated at the surface, where z légie
= ) '.a
amount of shrinkage probably occurs at the early ages of drying.

At later ages, plots of the results éhoi a relatively

°
linear relationship %hat may be approximated by ‘a straight lin ]
The 7-day moist curéd specimens show less scatter than the 1 a:;\\\hﬂ/
3—da§ moist cured oneé. fhis could be due to a change in the
initial dry;:; temperature (lod°f) that was encountered .
with the 1 a{? 3-day m;ist cured specimens. The slopé of the
lines appear'f&\be independent of the reinforcement, ;izé of
specimen and the 1engih of moist curing.

Thé results of the avef;EE fractional moisture loss,(]-ﬁ)
and the average fractional shrinkage (Savfsu) were then plotted
against the Fourier.number (t/ba) and are presented in figures_

29 to 34, The theoretical curves which fit the results best ﬁer;
then plotted and the corresponding diffusion coeffieients K were
located on the insidé left hand corner of each graph.

An éyamination of these graphs shows that there isg less scatter’
in the moisture loss plots than the sﬁrinkage ones. Also more scatter
was observed in the shrinkage plots of the 1 aﬁd'B—day moist curea ‘
specimens than Q;??lthé 7-day moist cured cnes. The length of moist

curing seems to hage little effect on the noisture diffusion

' coerficu_z%; K.

The moistura_diffusioh coeffcient K of ‘the reinforced specimens
'¥a8 slightly higher than that of the plain éoncrete.ones. This is due
to the fact that, the steel b;}s replace some of the concrete, and
the vltimate moisture losses of the reinforced specimens were less

than those of the plain cbncrete specimens,
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APPLICATION OF DIFFUSION ANALOGIES TO THE SHRINKAGE OF

REINFORCED CONCRETE:

The shfinkage results of the reinforced concrete specimens
ovér 500, which cover a wide range of columns, and slabs, are
tabulated in Appendix D-. The resglta of the average fractional
shrinkage strain iﬁ steel (s v/S ), as tell as, thé“kverage free
drying shrinkage 0f a similar plain concrete (S v/S )} were plotted

versus the Fourler number (t/b ), and are presented in tigures

35 to 68.

Diffusion Analogies of Conétant Diffusion Coefficients K:

Solutions of the diffusion equation of constant diffusion

~c0efficiehtB'K for rectangular membefs drying from 1, 2, or .

51des were obtained for the average frantional shrinkage (S v/S )
versus the Fourier number (t/b ), to an arbitarary scale and are
pPresented in figures 15 to 19. The theoretical curves which fit
the results best were then plotted (s0lid curve) and the
corresponding diffusion coefficients K were located on the inside

left hand corner of each graph, _
An examination of these graphs shows that the shrinkage

" results of reinforced concrete tend to fall on a single theoretical

curve regardless of specimen. alize. The shrinkage diffusion
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coefficients K of tg: theoretical curves used to fit the data_
seem to be relatively unaffected by the rercentage of reinfor-
‘cement{ bar diameter, type of cement and the ambient relative
humidity condition. It should be noted that the shrinkage data
tende to fall above the. theoretical curves at early ages "
(1ower t/b ) and below the curves at later ages (higher t/be).
Thig means that the diffueion curves tend slightly to under-
estimate the average fractional shrinkage (S v/S } at lower
values of t/b and. to overestimate (S v/S ) at higher values ot
t/ba. The random scatter in some of the shrinkage data may be

- ttributed to 80me errors during the preparition of the specimens
‘Sﬁéfthe meaeuring procees. These errors will be discussed in
detail later in this chapter. The effects of autogenous shrinkege,
carbonation shrinkage, and creeﬁ'are also included in the
ehrink;ge\ieadings and may have contributed to the scatter.

Diffusion Analogles of Variable Diffusion Coefficients:

To 1mprove the fit of. shrinkage resdlts, an empirical
assumption for the diffusion coefticients K was in/ybduced This
assumption coneidered the diffusion coefficient K-to be a function

of the Fourier numher (t/ba) and takes the form

K = .ﬁo (A + B 1n (t/6%)) cerreaiaiie.... <+ (46)

‘ﬁ

2

7



Introducing such an assumption in the solutions of the
mdlffusion equatian for rectangular members causes the
theoret1ca1 curves to rotate depending on the values of the f

constants, A and B

v -

Several values of the constants A and B were assumed. in

L4

order to-arrive at'the following expression for the

-

diffusion coefficient K :
. [ \

K = K, (1.0 - 0.1 1n (t/32)) ......:.........('4?)

This expression for the diffusion coetficient K causes

the diffuelon .coefficient to decrease with time and the
r theoretical curves to give higher values of (S v/S ) for valuea
of.(t/b%) less than 1 -0 and lower values of (5,./5,) for values
of (t/b )- larger than 1 0. So}utions of the diffusion equation

ror rectangular members drying frOm I T2, and 4 sidee using such

» - an erpressibn for the diffueion coefricient X were obtained for

the average fractional ahrinkage (s v/S ) versue ‘the. Fourier

number (t/b ~) to an arbitrary scale, and are presented in-

- -
2

figure 69:
The theoretical'curves which fit the shrinkage reaulta best

were ,theh plotted (dashed curve), and. the correaponding K, valuee

yere located on the ineide{te- ;

= iﬁl"'i. 3

35 to 68. - : f_ *~\\.
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An exam;ﬂation of these graphs shows that a(better fit of

the-shfinkage results of reinforced and plain concrete specimens
was obtained. Alsc the diffusion parameter KO of the theoretical
cur#es, used to fit the data, seem to be relatively independent

"of the perceﬁtage of reinforcement, bar diameter, type of éement,

.
o

and, the ambient';elatiie humidity condition.

. Band of Théoretical Diffusion Curves:

_ The shrinkage diffusion coerficien;s K and the shrinkage
diffusion parameters Ko‘of the’theoretical curves which best fit
. }ﬁe‘shri Ze fesults are pfesented in tables 1 and 2.

* An examination of th9 K and K, values, as affected by the
different variables considered in tﬂisﬁstudy, shows that the
difruéion coefficients are not signiticantly affectedjhy the
pe£centage of reinforcement even when different bar diameters
were uaed.to glve the same percentage of £einforcéﬁent; Thié

vﬁ;;eans that.onl& the percentages of reinforcement affect ,
the ultimate shrinkage of reinforced concrete. Also the types df:f
cement.and the a;bient relative humidity conditions seem to have

nb significant influence on the K ﬁnd Ko values.

By plotting all the theoretical curves used to fit the data

as shown in figures 70 and 71, it appears that most of these

»

curves tend to fall within a very narrow band that can be

W .
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SHRINKAGE DIFFUSION COEFFICIENTS

(K) and‘(Ko)'

, '
Series [ - C

58

. Table I .

" R.H. 763 54% 329 7%
S
\ r
& K. .009 .013 .012 .010
0%-P.C. K .008 -014 012 011,
K .008 .010 .009 010
125z K .009 011 .010 010/
: K .012 .810 .009 .010!
L2501 K .012 012 .008 .010
K 012 .010 .009 .010,
3.758 K 1012 012 .010 011,
K .gog .010 .009 « .008
5.000 K .010 011 -009 .009
Serijes III - C

p R 762 54 2% 7%
s \\\\\\\:E |
S K .012 .016 .020 015,
0z-p.C. K ° .014 .016 -020 018
K .008 .009 .012 .010
1258 K 010 lolo -013 o1
. K .010 .009 .014 011
2508 K 012 .010 .014 013
X .01 .009 .010 .010i
3.75¢ K, .012 .010 011 .onf
: K .010 009 — .009 .010,
5.000 K 012 011 .on oy

. i} b R I



SHRINKAGE DIFFUSION COEFFICIENTS
¢ | (K) and (x,)

Series I ~ §

o)
[ ]
=

p oo ey _ 54% 32% 7%
3 e

; K| 028 023 .020 .020

0%-P.C. K | 03 oz .021 .023

: K .033 020 .020 .020

2.2 K 038  0z20 .023 .020

. K .039 .023 019 . .020

3.45¢ K, .04 .023 .023 022
X .022 .030 .021 .020

4.90% K, 028 . - 030 .024 . .020

' 0 Series III - §

- . ||

p R 543 32% 7%

[ | . '

. K 030 .020 .023

0%-P.C. K .033 .023 .026
LK .030 .020, 023

2228 ' K .032 .023 .030°

' K .030 .020 . .024

3,455 K .034 -024 .027
Tk 022 .023 .020

4908 K 025 .030 .027

Tablehz



approximated, without introducing any Bigniﬁcant error, by a
single theoretical curve. This means that the average ahrinkage
strain in steel (S ¢) ¢can be predicted as a percentage of the
ultimate Bhrlnkage strain (S ), for any size member, percentage
of relnforcement type of cement, and driad under any ambient

N

relatiVe humidity condition.

Equation of Begt Fits

Three different empirical equations were also used to fit
some selected shrinkage data. The least squares method was used
to obtain the constants. These equations are ;j?

Sav/Sy exp (A + B(t/b2)) (u}/
. sav/su exp (A + Eln(t/h )) ..........(49)
S,/5, 'A+Bln(t/b) ceeiii. vee.(50)

I

\
The best correlation factor (R = 0.96) was obtained

using equation 50. The results were then plotited and are presented

in figures 72 and 73. The xz values tere obtained and then compared
with the Xivalues obtained using the theoretical diffusion curve.
It was found. that the diffusion curves ritted the results better

than the proposed empirical equation. |



SHRINKAGE STRESSES DEVELOPMENT OF REINFORCED CONCRETE:

Shrinkage stresses developed due to non-uniform shrlndage
',of nlain concrete members and the internal stresses caused by
the restraining action of aggregates have been studied_by
Pickett (2?); and are noc‘considered in this study.

' The main purpose of this inve tigation was to study the
shrinkage. stresses develoaed due tQ the restraining actlon of
reinforcing bars introduced in the congrete member and to provide
the'pattern of stress distribution al-hg the reinforcing bars. A
nunber of reinforced concrete specimens (23) .were then cast and
prenared to study this phenomenon. The shrlnkage strain readings
along.the reinforcing bars were recorded and plotted against the
dictance from the end of the member and are presented in figures
74 to 77, The dotted 1line representéJthe average shrinkage strain
along the reinforcing bar. } _

The central sbrain\ggsulﬁs were also plotted agcinst dr&iné'
t%me along with the calculated valucs.(soiid curve)obtained from
%ﬁe theoretical equations and are presented in figures 78 to 86.

It is seen that these resulfs support those of ©
Glanvil;e (3]);that the shrinkage strain along the reinforcing bar
ncreases towards the centre over a distance of about 3 in. from
the end of the‘mcmber . A constant strain value is observed over -

-

the central portion of the bar.

!
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The central shrinkage-strain in the steel was found to be
about 20% more than the recorded average shrinkage.strain of the
12" long members. |
Also a reasonably good agreement was foudd between the
N e%perimental and the calculated YE}u%B of tkhe shrinkage strain
in steel, for both symmetrically and eccentrically reinforced
members. The location of the straln gages whether on the outside
surrace of the bars or on the jnside of the modified bars, had no
51gn1f1cant effect on the shrinkage strain in the steel.
The shrinkage stresses in steel and concrete were plotted .
versus time for a selected group of specimens, figures 87 and 88.
i{h Shrinﬁhge streSSes above 8000 psi compression in steel, and 300 psi
ten51on in the concrete were observed in this investigation. ’
It appears that the higher the pprcen;age of steel the lower
the compressive stresses.in steel, bot‘the higher‘the"tensile.
. streeSes in concrete. This can be attributed to the high shrinkage
| force developed due to the restraining.action iptroduced by the
large amodnt of reinforcing in the concrete member.

1

PREDICTION OF THE ULTIMATE SHRINKAGE:

From the roregoingfdiscusaion, it is apparent that for
predicting the average shrinkage %train S,y °f symmetrically .

and eccentrically reinforced members, we still have to be able

" to eva}uate the ultimate ehrinkage S,
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The uitimate shrinkage canrce)bbtained experimentally by
drying a small specimen, Bubjected'to any desired ambient
humidity condition. This requires long time experimentation.

It would be advantageous to establish a quick method to evaluate
the ultimate ?hrinkage of plain and reinforced concrete.

It ound that the ultimate shrinkage of plainland rein—
forced concrete membere, dried by the application of 15 pslg vacuum
and 100° ¥, was reached arter 120 days while the ultimate
ehrinkage under normal condition of drying was reached after
about 250 daya. This indicates that the vacuum. temperature drylng
rcondition wasg not sufficjently effective to reduce the ultimate
drying time qurgh to be of nractical value.-;_: ‘

The results obtained by drying at 220°F showed that the
ultimate ehrinkage of plain concrete was reached within 7 days,.:
figure 89. However the ultimate ehrinkage of feinforced concrete

could not be determined using this method due ‘to the bord slippage

~ that occured during heating.

SQuick Method of Evaluating the Ultimate Shrinkage: N 4

The ultimate shriﬂkage of plain concrete members dried at

afly Yelative humidity condition (S ) nay be cousidered as a
fnnction of the nltimate ehrinkage of similer oven~dried

specimene (S ) and the relative humidity -condition (R), such.ae-



6l

SuR = A Suov f (R) T d T e s e tsesaa L ...(51)
vhere, -
A = a parameter independent of S, and R,
$(R}) = an expression dependent on the relative

humidity (R).

s

The equation derived. by Dutron (25), relating the shrinkage
at any relative humidity condition (SR) to the shrinkage at 50%

relative humidity (850) is of the form:

105 - R . _
Sp = §50 (0.96 log 5 Y e (3)
Considering f(R) equal to 1og(105-R), thus equation 51
. : 3 | _

can be written in the form:

Based on the shrinkage results, tables 3 and 4, A was
determined, and the ultimate shrinkage of plain concrete members
at a relative humidity condition (R‘<55%) can be - evaluated as

follows:

3
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ur = 158 Sop. - B

Evaluation of the Ultimate Shrinkage Strain in Steei (Sus):

The results of the ultimate shrinkage st;ain in steel
(Sus)_of the 12" long membe;s dried under normal condition, are
presented in tables 3 And L. These results represent the average
shrinkage strain along the’reihrorcing bars,

The central shéinkége strain in stéél (Sdé) away from the
ends of the memher, was about 20% more than thae a#erage value.
The ratios (S s/Suc) were then,ploﬁted against the percentage
'of reinforcement and are presented in figures 90 and 91, The
theoretical.values of (Sus/Suc) were then galculated by
substiguting the properpies of both materials (Es, Ec, and m=1)
in the theoretical eqpatién, and were plotted against the per-
centage of reinforcement as presented by the solid curve,
figures 90 and 9f€

An examination of these results shows that while there
.are sdme differences between the experimental and theoretical
values of (g-s/s ) at some percentages of reinforcement, thore
are little or no differonce:at the Oother percentages of

R "f‘ | N |

a



ULTIMATE SHRINKAGE DATA
(Su) u in/in

series I - C

p | | ‘

% ~ 03-P.C. 1.25% 2.50% 3.75% 5.00%
76% 347 290 250 236 % 216

| osay 367 30 270 253 . 223
3% 388 315 300 286 268
é 7% 405 320 305 . 293 - 250.

-
~
to

Series III - C

0%-P.C.  1.25% 2.50% 3.75% 5.00%
768 334 310 - 290 250 233
54y 359 " 305 280 260 243
8 s 320 300 30 ;270
7% 405 330 312.5 . 293 275

—_ o Table 3



/67

] R
ULTIMATE SHRINKAGE DATA
(Su) u in/in
Series 1 - S - B -
~ ~
R 0%-P.C. 2.22% 3.45% 4.90%
763 33 . . 285 275 220
54 . 367 290 a0 220
32 84 320 290 245
T 396 325 300 240
Series III - S - B
7
— J
0%-P.C. 2.221 3.45% \4.90:
T 330 250 237.5 ' 225
. 547 348 285 250 232.5
2% | 37 285 272.5 2425
% 405 20 300 275

Table 4
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relinforcezent. The variations appear independent of the
vercentage of réinforcement, type of cement, or th; ambient
relative humidity cohdition.

It appears that the ultimate shrinkage'strain in steel
(Sus)’ nay be obtained as a percentage of the ultimate free
drying shrinkage of plain concrete (Suc) using the theoretical

équations derived in chapter VI, without introducing a significant

error.
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EXPERIHEN?AL ERRORS:

From the foregoing, it can be seen £hat some scatter ‘in
the experimental results was observed. Thisg scatter may be
attributed to some factors which are usually encountered in
this type of experimental work. The writer has made every
reasonable effort to minimize the errors that are’

contributed by such factors. _ N
\\‘__\\\FJ L . . -
Preparation of Specimens: ' -

Over 500 specimens were nrenared to provide a wide range

~E .
0f shrinkage data for reinforced concrete members. The preparq—

tion of such specimens took a period of three months. Each group

of speclimens was cast and prepared out of 4 or 5 batches daily.

It is therefore, reaaonable to assume that sope variations in

the properties of the materials, and batchea may have .ocurred. \“-\\<
Also the- lab in which the specimens were prepared, was-neither

—

temperature nor humidity controlled However the preparation’

_}.-—-
process of one batch of Epecimens took apnroximately 15 ninutes,
‘after which the specimens were stored i1n the controlled moist-

#

The column snecimens were prepared using steel forms, while

curing chamber.

the slab and beanm specimens were prepared using wooden forms,




~

"Heasurinr Process’.-

Therefore some small variations may have occured in the size of

slab and beam specimens. : '

-

Sealing and storage Process: ' . ‘ o

After the specimens were removed from the moist-curing
chamber, the specimens were then surface-dried and sealed as

prescrlbed in chapter VII, The specimens were then stored in

. the precondltioned humldity chambers. Thls process took about

'one to two hours. To ensure the required. relative humidity

throughout the storage chambers air pumps were used to circulate

the air through the saturated salt-solutions and back to the

pumps through 3 holes at the top of each chamberF'It st11ll took
several _hours before the equilibrium relathe humidities were
Leached. The lab temperature was mailntained at 70e2°F, This
minimized the effect of fluctuation of temberature in the

chambers ( - 4 F) Howeyer, 50me errors may have occured due to

such i§L11 Varlatione‘in'temperature and relative humidity.

A r
)
e e

~oL

Due to the larger number of spec1mens prepared for thie

etudy, SOme errors nay have occured during the measuring procesu.'

Drying shrinkage repreeented the. majority of recorded data.
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,'Heasurements were also taken for the weight 1055 sﬁgeies (the
—second investigation), and for the shrinkage strain along the

‘steel bars (the third investigation).

The two extensometers used to measure the 1ength changes
have ayseating error of 1 to 2x10~ % (approximately 8 to 17 u
in/in shrinkage strain for the 12" long specimens). Since the
shrinkage readings at early ages were between 8 and 50 u in/in,
this seating error may have affected the early readings. However,
at later ages such error was much smaller (less than 5 to 10%).
The wrifer believes that, these extensometers were probably the

most practical dev1ces to measure the 1ength changes for such

.large number ot specimens, since they eliminated any built-up

errors as they were calibraped to a standard 12n long invar ba;\
be}ore and after ﬁhe readinés. 7 s

The welght loss measurements were Very accurate as the smount
of mo%sture loss was much higher than the accuracy of the scales
used even at early)ages ’

The electrical strain recorder'ﬁsed'toﬁmeasure the strain
readings in the third‘investigation had an accuracy of I SxIO-G P C
in/in. This" system provided a-very accurate means of measuring
the shrinkage strain in steel‘st early ages However, at later
ages (after 66" days) a large amount \t drift in the readings

was observed, This has also been{teported bv other investigators(ja)'

-~y
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Carbonation and Creen:

>

Since a small émount:of carbon dioiide'ﬁgs'éhtrapned in the
sealed chambers, it .is believed that carbonation would have i
'contrlbuted a;very small amount to the shrlnkage readings. How;vér,
in $he second investigation the spgcimens wer% stored in steel
drums which were opened frequently to record&th weight-losé and
shrinkage readings. Carbonatidn may have caused small error to th;
amount of moisture loss and shrinkaée réédiqgs.

Like'carbOnatioﬁ, creep effect was alsafincluded in the

shrinkage.readingé. Carbonation d creep have been found to be

diffusion phenomenon and conse ently have no effect on the shape
of the diffusion curves. The c eep effect was included in the

- modified Qodulﬁs of'%;asticit which was substituted in the‘theore-
tical analysis to derive the fultimate shriﬁkaéenstrain in stéel;

[}

and'hence‘pan.be separated from the shrinkage readings, if necessary. °
. : . . Y *

" ADDITIONAL FINDING

‘

' results, it appears

drying sﬁ%lnkage\of reinforced concrgte..In addition the writer

-

LN
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. has applied diffusion theory to the shrinkage results reported by

Glanville (3]), and Keeton (41).
Glanville s results are presented in firures 92 and 93
where the average fractional shrinkage is plotted against t/b
An exanination of his results shows that, the shrinkage data tends
to fall'on'a.single curve regardless of the percentage of rein-

forcement; water cement ratio, and the mix proportion. The scatter

-1n his results can be attributed to the variation in the ambient

- relative hunidity condition, which wos not controlled during his

experiments. - B
Keeton's shrinkage results of reinforced éléb-qpec néns made

of normal and light weight concretes are presanteé in fifures

’ 94 and 95. An examination of these figures shows that the

. s ) ‘ ) .
theoretical curves (K,K } fit the shrinkage results regardless .

of the spetimen size, type of. concrete, and the relative humidity
condltion.

ThuS, this'provides additional coofirmatioﬁ that diffusion
theory can provide an accurate method of predicting the drylng
shrinkago of reinforced concrete members. The shrinkage diffusion
coefficients K and K appear 1ndependent of the size of menber;

the Water—cement ratio- mix nroportion- type of comcrete; and the

relative humidity condition.



CHAPTER VIIXI

CONCLUSIONS

)

OBSERVATIONS AND CONCLUSIONS: -

The main purpose of this research investigation was to
develop an accurate and more practical method of predicting

the drying shrinkage of reinforced concrete. This entailed

‘using diffusion theory to develop a method which would.

-

adequately take into account the effects of specimen size ,
different bar diameters, different nercentages of reinforcement
and dlffer nt ambient}relative humidities. Also it included
developlng a relatively quick method of evaluating the ultimate
shrinkage of plain and reinforced concrete. Based od the writer's

experimental r®ults, the following conclusions would appear to

be waranted:

Drying Versus Shrinkage of Reinforced Concrete:

- A linear reiationship seems to exist between the drying
shrinkage of reinforced comcrete and the moiature loss,” apecially
at latér ages. The relationship appears unarfected by “the
relnforcement the age of curing, or the snecimen slze,

The drying of reinforced concrete can be predicted_by.the

e

~
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linear diffusion theory of constant diffusion coefficient K .
The moisture diffusion coefricient for the reinforced specimens

was slightly higher than that for the plain concrete ones.

¢ F_,

: Diffusion_Anangy and The Shrinkage of Reinforced COncrete:;mL
Diffusion theory seems to provide an adequg&: meansdxf
predicting the drying shrinkage of reinforced conchete members,
taking into account the effect of reinforcement, bar diameter;
specimens size, type of cement, age of éuring, and the drying
condition. The shrinkage &iffusion coéfficients K of the theore-
tical curves used to fit the data apoear to be relatively
unaffected by the variables considered in this investigation.

A better fit of shrinkage results can be obtained by
considering the shrinkage diffusion coefficient K to be aifunctiOn
of the Fourier nuﬁber (t/ba) of tge form:

. . )

e
]

K Ko (1.0 - oj1 1n (t/ba)) .............. (47)

!}

The theoretical curzss used to fit the shrinkage g rta tend
- to fall within 9 very narrow band that can be approximaYed,
without introducing any sxgnificant*error, by a single

rtheoretical‘curve.
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Shrinkage Stress Develooment:

P

It apnears that shrlnkage stresses -algong the relnforcing
bar 1ncrease gradually from the ends of the member towards
the centre over a distance which is short compared with fhe
usuai lesgth of the member. Uniform stresses are developed in
the central portion. o : s A

The thebrefiEal analysis provides a reasonably acc;rate
method of predicting the ultimate shrinkage strain in steel
for both symmetrically and eccentrically reinforced mesbers.

Reasonably high shfiﬁkeéeistresses can be developed in
reinforced cqncretefmembers;'The higﬁer the percentage of
relnforcewent the higher the tensile stress in concrete, but

i J
uthe lower the compre551ve stresses in.steel,

L

Dltinate Shrinkaze of Plain and Reinforced Concrete:

>

#

The ultimate- shrinﬂage of plain concrete dried at any
relative humldlty condltion (S ) may be’cbtained by
‘functions of the ultimate shrinkage of similar oven dried

specimen (Suov) and the relative humidity (R), of the form:

SES -

26~

1
X

™
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Sgg = 1.27 5, . log gvpgs- R) veernnnn... (53)
for‘ R -‘?55,»“ -
or S " . T :
uR = 1,54 Suov. ~0.84R ... (54)
- .
for R<80% -

LY

| The ultimate shrinkage strajn in steel may be evaluated by

the follqwing theoretical e#uationé:

| t
5 \'_. : A}\“IC

I. (nAs+Ac)+nAs Ac o=
i, |

For eccentrically reinforeced members

=,

l

S . ] - Pg . S

su

i +.(p - 1)Ps

For symmetrically reinforced members.

, and

SuR -

- (40)
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RECOXMENDED METHOD OF PREDICf¥NG DRYING SHRINKAGE:

¥ : :
Based on the writerts exnerimental results, the followinr

method of predicting drying shrinkage of reinforced concrete

'
-

'J>

is suggested:

1. The average shrinkage‘strain in steel in reinforced concrete
members d@?‘he\Fvaluated at any time as a4 ratio of the

ultinmate b&lﬁes, frcm figure 96 or 97. The grapvhs give

b=

i ninimun and maximum values of the fractional shrinkage strain
in steel. The writer suggésts‘g&érage vakues could be used inp
E

~ : -

conmon practical problems.

20 The'ultimate shpinkage strain in stéel can then be determined,

using equation 0, or 43, and the properties of steel and

concrete, as a flunction of the ultimate shrinkage of the

relative humidit , using equatiLns 53 or 54, cag be

~ . )
etermined as 3 function of the ultimate

apbroximatély

shrinkage o small tize specimen dried at 220°F.

. b, Onée the shrinkage strain in steel is calchlaggd, the
shrinkage';orcé; monent (for.ecéeﬁtriéally reinforced

member), and deformation (warp or deflection), can be

5 predicted using the equations derived in Chapter vI. -
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RECOMMENDED FUTURE RESEARCH: | ] s

From the foregoing, it appears that éiffusion theory can
be used to predict accurag;ly the drying siirinkage of plain
and reinforced concrete members. Since cf;en is belﬁeved to be
a diffusion phencmenon, the writer feels that a study to apply
diffusion.theofy, rgpresenta the most promisingﬂgpproach of
prodicting more,accurate%y the creep.of plainland reinforced
concrete. ° | |

The writer also feels that diffusion analogies may be

used to predict many prOperties of concrete, ‘such as, strength,

modulus of elastipyty, hydration --etc.

I

)

4
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APPENDIX
~——
SHRINKAGE OF CONCRETE -
) 1 -
. The shrinkage of concrete has been the subject of more
than 1500 research papers published since the turrn of the L

1

(1)

century . Some investigators have studied the basic

mechanisms'and éauses, others have attemrted to develop

empirical methods for‘predicting the amount of shrinkasze that

might occur. - : B -
Thig appendix deals with the fundarentals of the

shrinkage ot concrete needed to‘understand the basic

-

..':"
mechaﬁiéhs, and the main factors affecting drying shrinkage.

STRUCTURE OF CONCRETE:

v

Concrete can be defined broadly as a two phase material
conslsting of iner} aggfegate particles embedded in a mafrix

of cement paste. The properties of the concrete are deteroined
‘Generally by the physical and chemical vproverties of the
¥ardened cement paste.

4

. The structure of cement paste can be described in terms

of. the following constituents: unhydrated cement; solid products

-of hydr&tion (mainly tobermorite gel, but also include calcium

el
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/hydroxide crystals and crystallites),; and void .shace cohtain—;
" ) P
ing both strongly adsorbed and capillary water and air (1).
7 ' T . /’ N
Many investiga&grs have st&ﬁie&\ﬁﬁtﬁ'the“gross structure and
the micro-structure of cement paste, which has resulted in = - .: \/*.
the development of two major models (1 () (3). Such studies,
using electron.diffraction and x~réy diffraction, have odly

.revealed the very complex nature of the various phages of

hydrated cement paste.

(4)

N
Powers » presented a simplified model of the structure’
0f cement paste as shown on figure 1 . In his ;odel, the
hydrated cement'paste'consists of tobermorite gel particles
(represented by the cross-hatched lines) and the 5p$ce between
them (gel pores), and cgpillary.cavities (the original watér .
filled space in the paste) which are designated by the letter
"C". The paste may also_coutain crystals. of calcium hydroxide,
- relatively large, and usually some residue of unhydrated cenént.
Figure 2 , shows the model of the microstructure of cement
paste proposed by Feldman and Sereda (2). This model attempts
to show the structure of the sub-microscopic tobermorite gél
(represented by the tobermoriggﬁaﬁeets), the 1nteriayer hydrate
water (represented by the letter ™X" between two tobermorite
.sheets)-, and the physically adsorbed water (represented by the
large circles). Both interlayer hydrate ;nd physically adsorbed

vater are strongly attracted to the tobermorite shests at'distancga
~ ‘ -
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- . " - . . lﬂ;

oy

. . ) . — v
between O and 30 %. The physically adsorbed water has‘been

. .. . owy
| gscribed as "load bearing water" by Porer?//’_JﬁgﬁB as

adsorbed water by ACI Committee 209, and ﬁay ba evaporated at

r

L

relative humidities below 40 percent (1) \

VOLUME CHANGES OF CONCRETE:

A number 0f volume changes take place in c¢oncrete from
the time wate% is added to a dry concrete mix. These volume
changes have been studied by many investigators and wlll be

briefly reviewed here. '

Chemical Volume Changes: _
, . N _ , .
L J A s

Autogenous Shrinkage and -Swelling: Autogendus shrinkage may be
defined,as the volume change of cohent paste as a reauit of
hydrationlof c;ment éompounds. In %oncrefe-mixes of a high

water content, ;dditionhl_ehrinkage is éttriiuted to sedimentation
in the plaqtic cohcrete. Autogenous‘shrinkage can be éxplained i
by the fact that the volume 0f hydration products is 188s than

tﬁé initial volume of cement and water. Autogenous. shrinkage can
be noaaured in sealed specimens or in specimens stored in
saturated atr (5) (?). This autogenous shrinkage is usually
included in the §ry1ng shrinkage measureman?s.

Autogenous shrinkage is important in mass structures.

©
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~

ﬁnzia FS), and Rosa-(s), reported autogenoua shrlnkage or 100 F

in/in after 5 years in concretes elployed in nassivo Btructures.
Swelling occurs during the hydration process when cement

paste and concrete are cured coniinuonsly iz qaéar. This stﬁl;iﬁg

is due to the adsorption of water by the cement gel. The water
o o -' ¢
molecules act against the coheaive forces and tend to force the

8)

gel particles further apart ( - Swelling in concfete 1a about

-IOO'tq 150 P in/in. Thie swelling is accompanied by an increase

in weight of the order of 1 petrcent (?).

Carbonation Shrinkage: Carbonation shrinkage occurs when carbon

-dioxide.present in the atmosphere reacts, in the presence of
L <

moisture, with the hydrated cement products, mainly calcium
hydroxide and the silicates. This shrinksge is also accompani ed
by an incroase in weight (8):(9)

Carbonation.shrinkage has only recently been rocognized and

“therefore most of the experinental data on dryfng shrinkage

1nc1udea the effects of carbonation. The rate of carbonation

depends mainly on the noistufa content of the concrete and on

~ the ambient rolative hunidity. Ihter—aaturated specimens or 3

specimens dried at a relative humidity below 30% have shown

f'little or no carbonation ahrinknge (9); in the first case the

pores within the cement paste are full of water and the girfﬁbion

of carbon dioxide into the paste is very slow; in the later case

A

.,
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Drying Valume Changes:

A

X
1

ki

there is insufficient water iu the pores for carbon dioxide to
) . .

form carbonic acid
. )
Concrete specimens subjected to alternating wetting and
0 . ’-
drying in air containing carbog dioxide have shown high

carbonation shrinkage (during thé“drying cysle). Swenson and.

(10)

Sereda , stated that the maxium carbonation sh;inkage occurs

when the specimens are subjected to repeated wetting and drfingi

) : ~. P
in a 50% relative humidity condition. [ﬂ\ ////// d
. :

{s

. e
Plastic Shrinkage/of Fresh Concrete: Plastic shrinkage occurs

when fresh concrete is exposed to drying, -and can lead to
surface cracking. Plastic shrinkage is greater the larger the
cement content of the mix (7)and the earlier the.stiffening of
(11)

the concrete . It has been suggested by Shacklock (l]); that
a greater‘blaeding capactty o{ the concrete decreases the pléatic
shrinkage. Plastic shrinkage due‘tg drying usually:includés.tbe
effectlof autogenous shrinkage. Additiégal shrinkage 18 also

attributed to sedimentation in concrete mixesﬂ(B). More information

.

about plastic shrinkage can be found in references 12, 13, and 14,

~

Drying Shrinkage of Hardened Concrote: Drying shrinkago occurs

when concrete is subjected to relatively dry atmospheros. This is .

due t0 the movement of water out of the pore syatem of the cemsnt

G,



-the partial collapaﬁ of the gel structure, It has been found:

s Many theories have been presented on the mechanidm of

NS

o

gel. The loss of free wéter,“'hich takes place firé%, causes

1ittle. or no shrinkage. As dfying continunes, adsorbed water is ./

removed-and a partial collapBe in the gel structure occurs
accompaqiéd by a reduction in the volume of cement paste (8).

-
Part of the shrinkage on first drying is irreversible dus to

that the tobermorite phase is responsible for most of-;he
shrinkage of cement paste (9).

-

drying shrinkage. The most acceptable theory is the one suggested

by Powers (3

» in which he considered drying shrinkage to be
cauged byrthreo different mechaniems:
1. Change in surface teﬁaion of the colloidaiigel
particles, .

2. Change in presﬂuro between the gel particles.

3. Chango in capillary tension. ’ -

1. ﬁChangd in Surface Tension of_tho Golloidal Gel Particles: A

s0lid body consists of many particles held togother by inter-
particle fofcea'ot attraction and repulsion in a state of. static
equilihrium. The surraco of a s0lid body is always in tension

while the bulk of the body is in compression. The surface tension
of a solid is reduced and the Bolid expands when the surface
interacts with another substance either chemically or phyateally (QQ

A change in surface tension-of the colloidal gel particles. e
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occurs due to adsorption or desorption of Iatef molecules in or

out of the gel systam, causing swelling or drying shrinknga of

‘the cement past¥. It has been found by Powers (3 that the

change in surface tensian of the colloidal gel particles can
account for approximately 10 to 20% of the total amount or drying

shrinkage. . N

2. Change in Pressure Between theé Gel Particles: It has been
(9)

found » that the average aiatance between particles in cement

gel is about 24 '} which is about 6.6 times the estimated diameter
of a water molecule in the adsorbed state. Any two surfaces

‘paced that closely are subjected to mutual forces of attraction. .
The forces are known as Van Der Waals attraction. It water is
adsorbed on the Burfacea, the’ attractive force batween the aolid

surracea is reduced and an overall expansion of the cement paste

-q.‘

-
occurs. Adsorption,: on an open surface in saturatedsvapor, can

build up a layer 5 molecules thick. This i more than the gel

1

pores canaccomodate. Therefore, at saturation pressure, the

adsorbed water is under considerahle preasure in order to be in
s
thernodynanic equilibrium with the surrounding, thus causing

further expansion of the cement paste,
~ Change in pressure betwesn the gel particles is believed to

be responsible for the major part of drying shrinkage.
. ' :f
3. Change in Capillary Tension: When concrete 1s prepared with a

!
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A
water-cement ratio higher thaﬁ 0.38, the;cement paste will
contain_a cerfgin number of capillaries after hardening. When
~ the concrete is subjectéd to drying, part of the water diffuses
‘out and/or réacts with the unhydrated cement and tension tends -to
build up in the remaining water due to capillary action;-ns a

‘ < )
result the paste will be compressed, and hence a reduction in ' -

r

the volume occurs. As the cement paste dries ogt, more‘aﬁd more
0f the capillary pores are e§p§;ed ot Iaterva;d can no Ionger
sustain the hydrostatic tenéién (9),

~ When the relative humidity is as low aa‘uo to S50% all
caplllary pores hre empty and the eapillary nechanism does not
contribute to-the drying Bhrinkaée of_coﬁcrete. Hansen (9),
suggested that capillary tension in cement paste having a water-
cempnt ratio of 0.50 contribﬂtoa no more than 20 to 30% of the
‘total amount of‘shrinﬁage. ‘ '

Figure 3, shows the estipated individual. tontributions of
each mechanism to the ‘total drying shrinkage (9)3‘Tt sh&uld be
noted however that in concrete membefs, the internal relatiye
bhumidity at va;ious points in the cross-section may vary from
" zero percent at the surface to IQO percent in the interiof. A a
resu}t while capillary ténaion may be the mechanism that cgu;ea_‘
the uoat shrinkage at the interior points of the member, surface

tension and pressure between the gel particles may c¢ause the major

"portion of shrinkage &t some other points close to the surface.
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DRYING OF CONCRETE:

It is generally accepted that diffusion theory can bs

applied to the drying precess id concréte (35) (16) (‘?),

(16)

*Pihlagavaara » Btudied the drying ot plate-sghaped

mortar specimehs. He concluded that thg molsture diffusion

. coefficlent 'is moisture content dependent and “takes the form:

-~
1

Ke (1 - aU") DR TR PR +.  {55)
‘¢/C

where 11§ o

B, v, and Ke are assimed constants.

(15)

L3

Becker
detail Figure 4, BhDIB the average moieture loss versus the

Fourier number to an arbitrary scale for concrbte made with

¥ype I and aype III cements. He concluded that the moisture

diffusion coeffiﬁiﬁnt is not.igfluenced aignificantly by the

épecimen size of'by the molisture cohfent of the concrete, He

\-

- F'}

function of the ronrier number, such that

-y "

~_/ : E=K, (0 -k (Ln K, t/5%)y y-o-;--tss)

» investigated the drying of concrete in more

N

The béat it to hia resnlts was abtained by asguning that Xi =
1n ./day.

39

- Buggested that the diffusion coatticient is a linear logariunmic

k]

Q.50
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It is generally believed that drying shrinkage is

.primarily due to loss of moisture. Hany investigators (15 (7 (]8)
have studied the relationship between these two in order to apply
dirrueion theory to the rhenomenon of drying shrinkage. Figure 5
~ shows the’ re%ationship between shrinkage and water loss for a
aeriggﬂg;ﬁapecimena ranging from neat cement to a mixture
composed of 25 percent cemeht and 75 percent pﬁlvérized silica.
While the relatioushiﬁ ie linear fo; neat cement paste, it
x:]gradually becomes nonlinear, especially at early déying, as the
.‘ﬂujsflica content is increased. ihig nonlinearity has been attributed
to the increase in capillary cavitieé known to be assoclated
with' the inerease in rock-flour éonteht (18). Becker"(Is),_studied
such a rélationéhin for plain concrete Epecizens. An exanmple of his
results ia shown in figure 6. He concluded that, at early ages,
a relatively large molsture loss is associated with a emall
amount of drying shrinkage, and a reasonably linear relationship
seems to exist at later-ages. .
Unfortunately, thef; is no av;ilab;é information regarding

the relationship between moisture loss and drying -shrinkage of

reinforced concrete.

' FACTORS AFFECTING DRYING SHRINKAGE:OF CONCRETE:

Hany factora influence the rate and amount of drying

shrinkage. The anount 0f ultimate shrinkage is determined
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primarily by the concréte.constituents but is also affected 
by the curing c0nditions and the drying, environment . The rate
of shpinkage can Be affected by the size and shape of the member

drying environment, etc. . The most important factors atfﬁcting

. shrinkage as reported in the technical literature will be S

7/

briefly reviewed herp.
. 1

1

“Goncrete Constituents:

Cement-and Water: From the fdfgoing discussion, it can be Been -
that, ceﬁent'gel-is responsible for'moat of the déying shrinkage

in concrete. The type, composition and-}inaness of cement can S <
produce cement gel of varied.éhisical and chemical properties

and consequently affects uhfinkagéﬁlTho cement content in a

concrete maix is reflected in the amount of gel produced. There-

: rore, a‘large cement content fands to increase the drying

shrinkpge. o . . - (

Kreijger (‘9),.reported that the fineness of cement increased

' ‘1

“thgﬁdryipg shrinkage. Usihg mortar mixea_(fﬁ} by_weight) and a

N -
constant water-cement ratio, he found that increasing the

Blaine fineness of the cement from 3000 cma/g to 5500;cm2/5

_produced an increase in the drying shfinkake of 10 to 25%.

The composition of cement has also been aﬁown to influence
the drying shrinkage of concrete. It has been found <'9) that

the greater the C3Sicontent the lawar the drying shrinkage, *

p
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. 'File an increase in.c31 ang CQAF contents resulted'in an
. increase in shrinkage. The effect of other trace compounds in
the cement on thqgshrinkaga seems to be insig ificent(ao).

~ The water content has a signifiCQnE/iﬁfiignce on the drying
ahrinkagﬁ. It has been found '3 that a high water content
(water-cement ratio) produces low drying shrinkage at early

ages but higher ultinate shrinkage.

Aggregates: Drying shrinkage of cement paste is substantiaily
reduced by the presence of aggregate p&rticles. The restraining
effect (21) of the aggregate particles depends mainly on:the
aggragate content qnd the elastic properties 6f iha aggregates,
and is presented in figure 7, It can be seen that the higher the
aggregato content and tho rigidity of the aggregates the lover
the drying shrinkage.

The size and grading of asgreggt? has little 1nf1ﬁenco on
the amount of drying Bhrinkaée. However, a .larger aésafgate slize .
usually permits the uae of a leaner mix and hence results in a
Iq'or shrinkage. |

Pickett (22), presented the following“éﬁuation of the effect

of aggregate content on drying shrinkage:

n
Sr:Sp_(l - A) iiieeennen aeee .

where, -

Sf = Drying shrinkage of concrete -
|

-
- ) ,
« ¢

\é
[y ,;; o R
T o
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the aggregate content

'
1

.constant

-
"

The experimental values or'n varied between T.E.ana 1.7 (8).
Many investigators have presented diffe}ent empirical
formulae for predicting the drying shrinkage of plain concrete
taking into acco.unf the effect of aggregate on a similar basis

to that or Pickett. These rormulae are reviewed in more

detail in Chapter II .

, Agpixthres: The use of admixtures in concrete zixes haa_increased
: in fecent Jears in order to improve certain properties of concrete,
" such ‘as durability, strength workability...otc.

The commonly used admixtures have showed g varied influence
on the drying shrinkage ot concrete. ;n,admixture which increaaoa
the water requirement of a concrete mix 18 genorally expected to
increase the drying ahrinkage. The converse is not neceasarily
true (1). Air entraining admirxtures hgvu been found to have no
significant afrection shrinkage (8) ‘

The addtion of calcium chloride 1ncreasga the drying shrinkage
by 10 to S0% (8). This is probably because a finer cement gal 13
produced. The use of blast furnace alag in portland cement
generally increaseg the drying,ehrinkago.

Poz;olqns when used as a partial replacenent of coement in -

-'—concrete mixes have shown lower ahrinkase at oarly ages but- higher
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ultimate shrinkage. However, fly ash of. low carbon content

tiBﬂB to reduce the ultimate drying shrinkage (l)

e

g The effect of many other admixtures cn drying shrinkage
has not yet been established and gtill requires experimental

evaluation.

Curing and Drying Enviromnent:

"

k4]
The prOperties and’the amount of cement gel produced,

immndiately after casting, depond largely on the curing
condition, which in turn afrecta the drying shrinkage,
Steam curing hase’ bsen found (23) to reduce the drying .
ahrinkage of concrete by as much as 50%, This is due to the fact
that & coarser cement gel is produced. The reduction in shrinkage
“1s dependent on the tenpcraturo and duration of steam~curing.
 The effect of molst-curing on ghriunkage is small but rather
complex. Cement pastes subjected to ‘prolonged curing show higher
‘shrinkage on drying. This ia due to a reduction in the volume of
unhydrated cement grains Ihich reBtrain the Bhrfnkage. However
Neville (8) haa reported some contradictory results on the  °*

effect of moist—curing on drying shrinkage 0of concrete, But in -

general, the length 6f the moist-curing period has littf;

influence on the ultimate drying shrinkage.

The amblent relative humidity has been reported (24)

b
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influence the rate and the magnitude of qrying shrinkage as.
shown on figure 8. Concretes'suhjected to low relative
humidities have shown higher drying'éhr;nkage. Dutron (25)

and many other investigators have suggested formulae to predict
drying shrinkage taking into account the effect of ambient
relative humidities. These formulae will be reviewed in detail
irn chapter II .

(26)

Ross satudied the effect of ambient. temperature on

drying shrinkage. He consldered tamperatures ranging from 68 to

212 °F. He found that, within 60 days of drying, shrinkage increased

with an increase in temnerature as a result of an increase in the

rate of hydration. It has been-reported (1), that the extent of
hydration in saturated concrete is approximately prOportional to

the integral of temperature versus time, refered to a datum

temnerature of 11°F at which the rate of hydration is negligible.

Size and Shape of Member:

The rate of drying shrinkage is largely affected by the!

size and shape of the concrete member. It has been reported by

many investigators that an increase in the size of memher results
in slower shrinzage development. Since the diffusion of molsture

out of a large member proceeds more slowly, the regions nqar.the

surface are subjec£ad to tenéile stresseg while the core is‘

subjecgpd to balancing éqmpréssive stressesn (27).

%
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(28)

. Ross » Hansen and Hatdék (29), suggested that dfying
’ -~
shrinkage is proportional to the volume to surface ratio,

Becker (]5) -treated drying ahrinkage as a diffusion procese

" and found that shrinkage for different sizes ‘and shapes can be

deternined accurately by the Fourier nunber to an arbitrary
scale (t/b ). . ' !
The effect of size and shape 0f member on the prediction of

drying shrinkage will be reviewed in detail in chapter IT .,

Reinforcement:

" The pfesegce or‘stegl reinforcing bars in concrete leads,
to a reduction in the ovgrall'drying shrinkage of the member.
Troxell, et al.,-(jo), stated that the effect of reinforcement .
in reducing drjing shrinkage is proportional to the percentage
of steel introduced_in the concrete member. The reatraining
effect induces compressive stresaes in the steel and. tensile
stresses in the concrote. Glanville >'), found that tme
distribution of tha compressiVe stresses along the reinrorcing
bar proceeds from the ends of the bar towards the centre. A
gradually increasing conpreasive stress is developed in the‘ﬁar
by a practically uniform bond stress over a length which is -
short compared with the usual length of reinforced conqrete

member. Over the remaining central portion there is-no bornd stress

and the asteel stress is uniform as shown in figure 9. He atated
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that, the iength.over which‘bond-stresses'are develoned at the

‘ ends does not depend appreciably. on the age of the concrete.
:—\. - Beyef (32) studied the drying shrinkage of reinforced
' concrete membere nsing an electrical strain gage technique. The_ )
members (?x?th in.) ‘were reinrerqed with one centrally located bar
'(1 in round bar, or 1% in Squafe bar) Immediately after pouring,
an 1nitial strain reading was taken. The readings ware taken for
a period of about three months. He found:that compressive stresses
:_ (up’to 1200 nei) were induced in the reinforcing ‘bar during the’
‘tirst day after casting. Fbr the next day or so the comnressive '
stresses in the steel were relieved and became tesile etreseee
(1200 psi) He explained that such resulte were due to . the
rorm&tion of new hydration solids from the water held in the
pores of the hardened(concrete as frae water and coneequent
: expansion of the gel. At later ages the hydration procees
:utilizes all~of the free water in the pores and then draws water :
held by the gel to coutinue the hydration of. the cement particles.
This cauBSR the gel to shrink and the contrete to undergo a

.decrease in volume which caused a continuoys rease in the -

- compressive streases in the steel ror about t'o d. after casting .

{ &
" After nearly three months the’ etresaee were 7500 pai c'mpresaion
in the eteel and 118 psi tension in the concrete._' ‘
Beyer'e results efter two days eeem to agree with the fact

that _shrinkage 1nduﬁf/‘compreesive etreeeee in steel and tensile

L] ) r
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stresses in the concrete. Ho'ever his results during the first
two days seem to be questionable since he did not consider the
effect of heat of hydration in his readings. )

When theAreinforceuent is located eccentrically with respecf
to the concrete gection, the restraining action tends to cause
additional shrinkage deformation (warp or derlection) Shrinkage ‘
curxature as high aﬁ'}O_to 35 x 107 /in.hgve been observed in
singly reinforced beams (40).

The sffect of reiniorcement on the prediction of drying

shrinkage of reinforced concrete members is reviewed in:

rrg €0

detall in chapter IYI

C

v
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A ~ INTERPARTICLE BONDS

B - INTERLAYER HYDRATE WATER
C - TOBERPMORITE SHEETS

D — PHYSICALLY ADSORBED WATER.

Figure 2 { Feldman and Sereda)
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Figure "3 (Hansen)
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APPERDIX ¢
TABLE I
TYPICATL
CHEMICAL AND PHYSICAL TEST RESTLYS ggn
LAKE ONTARIO NORMAL PORTLAND CEMENT
A
Chemical Analysia: ' . C3S S54%
Cas . _225
C}A. b ‘Ooa\
c
QH 6%
Physica) Tests:
+ Blaine Fineness---fineness, cm;.',/g. 3816
Soundness: .
4~
Autoclave Expansion, per cent 0.12%
Time of Set, G_illnoro Needls:
Initial, hr.: min. 2:25
Final, hr.: min. o7 . 4:00
Compressive Strength'. ‘pei.: .
1 day o - 1491
7 day : 2257
14 day 3794
28 day T 4375
Rormal consistency . 2h. 0%

~ .
v,
_—

*prepared by the Reaear Diviaion&of the Ontario Hy .

&
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APPENDIX ¢ °

p TABLE I

PHYSICAL TEST RESULTS FOR CANADA
HIGH EARLY PORTLAND CEMENT

"

Physical Tests

Y 'Bla%ne Fineness
\ Fineness, sq cm/g ’ 4025

Time 0f Set, Gillmore Needle

Initial, hr., :min. 1:35
Final, hr., :min. p 3:15
o 3 : s )

A

Compreossive Strength, psi

1 day . 3022
T 7 day | 4631
14 day : ‘ ' : 4963
28 day : . 6725
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Serles I-S-7D-VAC.,P.C.

Specimen 3 X3" 3xe" 3IX 9"
Time(days) 1/ SasSd1-0 [t/b Sa/Sul1-0 | 1787 [Sarsy -0
2 0.90] 0.15 | 0.14 | 0.2% 0.03 [ 0.07( 0.10] 0.07 | 0.08
4 1.78[ 0.26 ) 0.20 \o.uu 0;13_ 0.131 0.20} 0.09 | 0.11 |
8 1 3.56] 0.31 [0.26| 0.84 0.15 | 0.18 0.3%] 0.31 | 0.14
16 7-11 0.36 1 0.40 | 1.78 0.21 | 0.22] 0.79] o0.14 0.7
32 [w.22] 0.49(0.55| 3.54 0.29 0.29[ 1.58[ 0.19 | 0.22
64 28.44] 0.74 |1 0.78 1 7.1\ 0.45 0.47{ 3.16} 0.35 ] 0.3y
128 156.89 1.00| 1.00| 14.22 0.65 | 0.61| 6.32| 0.56 | 0.46

"\ Series I~S-7D-VAC.,Ps=3.45%

i

Specimen 3X 3" 3X6" 39"

Time(days)| t/5" [Sa/Sul1- D t/b° [Sa/su| 1-T [1/62 Sa/Su1-0

| 2 “_\.90 Q.23 }0.2010.25| 0.11 | 0.15] 0.10| 0.06 .11
4 | 1428]0.26 [o.30| 0.au| 0.16 0.19] 0.20] 0.08 fo.15

8 4-4.56[0.34 |o0.41 0.89} 0.16 | 0.27] o.40| 0.08 | 0.18

16 7.1100.39 1 0.501 1.78| 0.25 | 0.33] 0.79] 0.19[0.23 ]
32 14.2210.59 [0.59] 3.56] 0.35 | 0.38] 1.58] 0.25] 0.26
64 28.u41 0.80 }0.77) 2.11]| o.50 | o0.56 3.16[ 0.38 | 0.39
128& 56.89{ 1,00 | 1.00]14.22 0.74 | 0.70| 6.32| 0.64 0.51

el
-
.

™
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L
Series I-S-3D-VAC.,P.C. ‘ \
Specimen 3xX3" IXe" . 3X 9"
Time(days)| 1/b° [Sa/Sd1-0 [ 1/67 [sarsu]1-0 | 1762 Sa/sul1-0
| 2 0.900.06 | 0.18] 0.23[ 0.02 | 0.07[0.10 | 0:02] 0.05
4 1.78 [ 0.10 | 0.29] o.44 0.05 | 0.11]0.20¢| 0.03 0.09
8 3-56 ] 0.13 | 0.35] 0.89[ 0.06 | 0.15[0.40 | 0.05]0.13
16 7-11[0.23 J 0.45{ 1.78{ 0.12 | 0.20[0.79 | 0.08 ] 0.16
32 jw.22|0.42 | 0ls8) 3.56] 0,24 | 0.26]1.58 | 0.13 10,20
64 8.k [0.71 [ 0.78| 7.11] 0.52 | 0.37]3.1¢ 0.36| 0.29
128 . [56.89 | 1.00 | 1.00|14.22] 0.79 | o.51]6.32 0.67] 0.43
Series I-S-3D-VAC.,Pe«3.45% _
Specimen | = 3x3" 3x6" 3XQ"
Time(days)| 176" |Sa/su[1-D [/6% [sassaf 1-0 122 Sa/Su | 1-0
"2 0.90 1 0.07 { 0.14] 0.23| 0.02 [0.06 |o.10 | .0.02{ 0.0¢
b |17 ]0.13 | 0.25] o.44] 0.08 [0.10 |o.20 0.0k { 0.11
8 | 3.56 o.;5 0.37| 0.89] 0.08 |0.17 {0.40 | o.04 | 0.16
16 7.11 10.22 | 0.45] 1.78| 0.12 {0.24 [0.29'| 0.09] 0.20
22 |'h.22 ] 0.u4 | o0.60] 3.56| 0.26 [0.30 [1.58 | 0.17] 0.24
64 FB‘M' 0.65 [ 0.78] 7.v1| 0.47 |o.45 |3.1¢ 0.33] 0.35
‘128 F6.89 1.00 | 1.00[14.22] 0.75 [0.61 |6.32 0.62) 0.43

g5

L
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Series I-S-1D-VAC.,P.C.

208

3IX 9"

Specimen - 3x3" -3X6"
Timeldays)| t/6° [Sa/Sd1-0 [t/ Isassuti-0 [ 1/62 [sarsuli-T
2 0.90| 0.08 |0.16 | 0.23]0.04 | 0.09| 0.10] 0.02 | 0,07
4 1.78] 0.13]0.25 | 0.4410.08 | 0.13] 0.20] 0.04 | 0.09
8 5.56| 0.22 [0.33 | 0.89]0.15 | 0.19] 0.40] 0.10 | 0.13
16 7.11f 0.27 [o.41 | 1.78/0.19 | 0.23] 0.79] 0.11 | 0.16
32 |aw.22| 0.39 |o.53 5.5 0.27 | 0.32] 1.58] 0.20 | 0.2
64 28.u4f 0.71 J0.72 | 7.11f0.51 [ o.as 3.16] 0.u1 | 0.29 _
128 {56.89) 1.00 {1.00 | 14.29 0.69 {'0.66] 6.32] 0.59 | 0.4
Series I-S-1D-VAC.,Ps=3.45%
|specimen 3x3* |  3xe" 3%Q"
~ [vimetdays)| 171" [sassuf1-D /6% [sassu] 1-0 t/6° |Sa/Sul 1-0 -
2 0.90| 0.08 | 0.18! 0.23] 0.06| 0.14}0.10] 0.02 | 0.09"
b | 1.78) 015 | 0.27| o.u4] 0.11]0.17 {0.20{ 0.0 | 0.13
8 3.56| 0.26 | 0.35| 0.89] 0.19| 0.21 | 0.40{ 0.08 | 0.16
16 7.11] 0.34 |- 0.48| 1.78| 0.25| 0.28 | 0.99 { 0.11. | 0.19
32 [w.22| 0.2 | 0.61| 3.56] 0.307 0.35 | 1.58 | 015 | 0.24 E
64 28.44 | 0.72 | 0.721| 7.11| 0.53]| 67 | 3.16 }o.25 0.33
128 |56.89] 1.00 | 1.00|14.22 o.fu 0.67 [ 6.32 | 0.51 | 0.45




Serles I-C-76%,PC
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Specimen 4X4" 6 X6" 8 X 8"
Time(days) t/b° [S./S, [ t/78® |S,/S, |t /bt S, /S,
| 3 0.75 0.14 0.33 | ‘'o.11 0.19 0.06
7 1.75 | o.29 0.78 0.20 0.44 0.12
16 4.00 0.42 1.78 0.28 1.00 '0.20
31 7.75 0.61 3.44 0.42 1.94 0.31
‘%70 17.50 0.75 7.78 0.50 4.38 0.38
167 41.75 0.88 18.56 0.56 10.44 0.46
328 82.00 1.00 36.44 0.64 20.50 - 0.50
Y
-
N
Series I-C-76%,Ps=1.251
Specimen 4xX4" . 6Xx6" 8 x8"
Time(days)| t /b [Se/Su | 1/ | Se/Se| t/8 |s. /s,
3 0.75 0.97 0.33 0.06 0.19 0.05
7 1.75 | te.26 0.78 | 0.16 0.44 0.1
16 4.00 0.37 1.78 | -0.29 1.00 ”’"5
a1 7.75 0.58 3.44 0.47 1.94 0.35
70 17.50 0.71 7.78 0.55 4.38 0.40.
167 41.75 0.81 18.56 0.61 10.44 0.45
328 82.00 1.00 36.44 0.74 20.50 0.52
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Series I-C—76Z,Ps=2:502
Specimen 4 x4" 6X6" © 8xe"
Time(days)| t/b° [S,/S, | t/788 |s,7s,]t 70t S, /S,
3 0.75 0.08 0.33 | o.08 0.19 0.07
7 1.75 0.22 0.78 0.21 0.44 0.19 F
16 4.00 0.3 1.78 0.35 1.00 0.27
) 31 7.75 0.60 3.44 0.57 1.94 0.44
70 17.50 0.72 7.78 0.68 4.38 | o0.52
167 41.75 0.84 18.56 0.80 10.44° 0.60
328 82.00 1.00 36.44 9.91 20.50 0.68
;
<
Series I—C-762,£’s=3.752
Specimen 4Xx4" 6x6" 8 x8"
Timeldays)| t /b° | S.7/S, | t 78 Se/Se| t/F {5,/ S.
3 0.75 0.15 0.33 0.08 0.19 0.06
7 1.75 0.29 0.78 |.0.16 0.44 0.16
16 4,00 0.42 1.78 0.28 1.00 0.24
31 7.75 0.64 3.44 |. 0.52 1.94 0.42
70 17.50 | 0.79 7.78 0.62 4.38 0.49
167 41.75 0.91 18.56 0.72 10.44 | o0.56
\EEE, 82.00 1.00 36. 44 0.82 20.50 0.69




Series I-C-76%,Ps=5.00%
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Specimen 4XxX49" 6X6" - 8 X8"
Time(@ays) t/b° -|S,/S, | t788 |s,7s, |t /71 S /S,
3 0.75 0.09 0.33 0.09 | 0.19 | o.05
7 1.75 0.18 0.78 0.19 0.44 0.12
~ 16 4.00 " | o0.30 1.78 0.30 1.00 0.21
31 7.75 .| 0.53 3.44 0.47 1.94 0.36
70 17.50 0.69 7.78 0.56 4.38 0.44
167 41.75 0.85 18.56 0.68 10.44 0.53
328 82.00 | 1.00 36.44 0.78 20.50 0.64
Series I-C-54X,Ps=5.00%
Specimen 4x4" 6x6" 8 x8"
Time(days)| t /b S /S, |t /8¢ | s./s.{ t71r s, /s,
4 1.00 0.15 0.44 0.13 0.25 0:1%
7 1.75 0.25 0.78 0.18 0¥y 0.16
14 3.50 0.35 1.56 0.27 0.88 0.22
3% 8.50 0.51 3.78 | o0.42 2.13 B.36
72 18.00 0.70 8.00 0.59 4.50 0.48
172 43.00 0.88 - | 19.11 0.75 10.75 0.58
323 80.75 1.00 35.89 0.85 20.19 0.67




Series I-C-54%,PC
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6X6"

Specimen 4 X4" 8 xg"
Time(days) t/b° [S,/S, | t/88 |s,/s5.| 1788 |s, /s,
4 1.00 0.19 0.44 0.16 0.25 0.12
7 1.75 0.31 0.78 | 0.27 0.44 0.19
14 3.50 0.51 1.56 0.42 0.88 0.33
34 8.50 0.68 3.78 0.56 2.13 0.44
72 18.00 0.78. 8.00 0.62 4.50 0.52
172 43.00 0.90 19.11 0.69 10.75 0.59
323 80.75 1.00 35.89 9;76 20.19 0.65
Series 1-C-54Z ,Ps=1.25%
Specimen 4X4" 6xX6" 8 x8"
Time(days) t /b | S./S. | t /85 | SasSa| t/788 [sa /s,
4 1.00 0.19 0.44) 0.15 0.25 0.11
7 1.75 0.30 0.78 0.22 0.44 0.19
14 3.50 | 0.48 1.56 0.30 0.88 0.26
3% J Js.50 0.63 3.78 0.41 2.13 0.35
72 18.00 0.74 8.00 0.52 4.50 0.44
172 43.00 0.89 19.11 0.63 10.75 0.52
323 80.75 1.00 35.89 0.74 20.19 "0.63




Series I-C-54%,Ps=2.50%
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Specimen 4 x4" 6Xx6" 8 X8"
Time(daysY t/b° 1S./S, | t/68 [s,/s, |t /bt Se /S,
@ 1.00 0.19 0.44 0.15 0.25 0.12
7 1.75 0.29 0.78 0.221 0.44 0.17
14 3.50 ~0.46 1.56 0.33 0.88 0.27
34 8.50 0.65 3.78 0.43 2.13 0.37
72 18.00 0.77 8.00 0.54 4.50 0.48
172 43.00 0.88‘ 19.11 0.65 10.75 0.56
323 80.75 1.00 35.89 0.73 20.19 0.63
Series I-C-54X,Ps=3.75%
Specimen 4x4" 6X6" 8 x8"
Time(days)| t /8" [S./s, |t/ s, /Se | t/0° |s, /s,
4 1.00 0.18 0.44 0.16 0.25 0.14
7 1.75 0.26 0.78 0.22 0.44 '0.20
14 _3.50 0.41 i.56 0.32 0.88 0.28
34 .8.50 0.57 3.78 0.46 2.13 0.40
72 18.00 0.72 8.00 0.53 4.50 0.45
172 43.00 0.88 19.11 0.64 10.75 0.57
323 80.75 1.00 35.89 0.72 20.19 V.67




214

Series I-C-32X,PC

Specimen 4 xX4" 6Xx6" 8 X 8"
Time(days) t/b° [S,/S, | t/7b® |s,/s, [t /bt S, /S,
3. C.75 0.19 | 0.33 0.16 0.19 0.13
7 1.75 0.30 0.78 0.26 0.44 0.16
14 3.50 0.47 1.56 0.38 0.88 0.28
29 7.25 . 0.65 3.22 0.5% 1.81 0.39
70 17.50 0.78 7.78 0.64 4,38 0.46
168 42.00 0.93 . 18.62 -~ \\P.Yé 10.50 0.53
324 81.00 1.00 36.00 ‘b.80 20.25 0.60

Series I-C-32%,Ps=1.25% -

Specimen ax4 |  exe" - 8 x8"
Timeldays)| t /b |Sa/S. | t/8 | S.ss. |t/ s, /S,
3 0.75 0.20 0.33 0.11 . 0.19 0.10
7 1.75 0.37 0.78 0.20 0,44 0.16
14 3.50 0.53 1.56 0. 30 0.88 0.24
29 7.25 0.71 3.22 | o0.43 1.81 0. 34
70 . 17.50 0.80 7.78 0.51 4.38 0.40
168 42.00 0.91 18.67 10.57 10.50 0.49
324 81.00 1.00 36.00 T L@.G() 20.25 0,54




5
Series I—C—jZZ ,Ps5=2,50X

215

Specimen 4 x4"° 6 X6" 8XxX8"
Time(days) t/b" |S,/S, | t/8® |s /s, ]|t /1t Se /S,
3 | o.15 0.14 0.33 0.10 0.19 0.09
7 1.7 | o0.29 0.78 0.18 0.44 0.13
14 3.50 0.45 1.56 0.28 0.88 0.20
29 7.25 " 0.62 3.22 0.40 1.81 0.31
70 | 17.50 0.76 7.78 0.50 4.38 0.36
168 42.00 0.91 18.67 0.60 10.50 4 0.43
324 81.00 1.00 36.00 0.67 20.25 0.47
Series I-C-32%,Ps=3.752
Specimen 44" 6X6" 8 X 8"
Time{days)] t /6 |S./S. |t /8 [s.ss.| t/788 [s, /S,
3 0.75 0.15 0.33 0.11 0.19 0.13
7 ©1.75 0.26 | o0.78 0.17 0.44 0.18
14 3.50 0.42 1.56 0.26 0.88 0.25
29 7.25 0.60 3.22 0.39 1.81 0.35
70 17.50 0.74 7.78 0.49 4.38 0.45
168 42.00 0.90 18.67 0.59 10.50 0.53
326 | 81.00 1.00 36.00 0.65 20.25 0.58




Series I-C-32Z,Ps=5.00%

216

- 4x4"

Specimen 6X6" 8 X8"
Timefdays) t/b° |S,/S, | t/8° | s,/s. |t /8% |s, /s,
3 0.75 0.19 0.33 0.11 0.19 0.08
7 1.75 0.32 0.78 0.18 0.44 0.12
14 3.50 0.42 1.56 0.29 0.88 0.20
29 7.25 0.60 3.22 0.42 1.81 0.30
70 17.50 0.75 7.78 0.53 4.38 0.40
168 42.00 0.91 18.67 0.66 10.50 o
324 81.00 1.00 36.00 0.75 20.25 0.56
\J
]
\
Series .I-C-7Z,Ps=5.00X
Specimen 4x 4" 6X6" 8 x8"
Timeldays)| t /b | Se/Se |t /8 | Se/Sa| t/88 |S. /S,
' 3 0.75 0.12 0.33 0.10 0.19 ‘0.09
7 1.75 0.21 0.78 0.18 0.44 0.15
15 3.75 0.34 1.67 0.27 0.94 0.24
33 8.25 0.52 3.67 0.39 206 s 0 %
72 18.00 | , 0.68 8.00 0.51 4.50 0.44
172 43.00 0.88 19.11 0.65 10.75 0.55
323 80.75 1.00 35.89 0.78 20.19 0.65
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-

: ~
Series I-C-7Z,PC
Specimen 4x4° 6x6" | 8xg"
Time(days) t/8 Is,/s, | 178 [s,/s, |V /1f |9 /s,
3 0.75 [ 0.1% 0.33 0.16 0.19 0.10
7 1.75 0.27 0.78 0.24 0.44 .0.16
- 15 % 3.75 0.42 1.67 0. 34 0.94 0.26
33 8.25 0.58 3.67 0.48 2.06 0.37
72 18.00 0.72 8.00 0:62 4.50 0.48
172 43.00 0.86‘ 19.11 0.75 10.75 0.57
323 80.75 1.00 35.89 0.87 20.19 0.69
. Series I—C—7Z,Ps-l.25%
Specimen 4xX49" 6X6" 8 xg"
Timeldays)| t /6" | Sa/S. [t /8 [ S./5.| t7f [s. /s,
3 0.75 0.16 0.33 0.13 0.19 0.09
7 1.75 0.25 0.78 | o0.20 0.44 0.13
15 3.75 0.41 1.67 0.33 | .0.94 0.16
33 8.25 0.56 3.67 0.50 2.06 0.25
72 - 18.00 0.72 8.00 0.63 4.50 0.34
172 43.00 0.88 19.11 0.75 | 10.75 0.44
323 80.75 1.00 35.89 0.88 20.19 0.53




Series I-C-7%,Ps=2.50%

218

Specimen | 4 x4" 6X6" | .8x8"
Time(days) 't/b" |S./S, | t/788 |s,/s, [t /8% |s, /s,
3 0.75 0.20 0.33 0.15 0.19 0.10
7 1.75 0.28 0.78 0:21 0.44 0.15
15 ©3.75 0.39 1.67, .31 0.94 {1 0.2
33 8.25 0.54 3.67 0.44 2.06 | .0.33
72 18.00 0.70 8.00 0.57 | 4.50 0.41
‘172 43.00 0.87 19.11 0.69 10.75 0.48
323 80.75 1.00 35.89 0.80 20.19 . 0.58
Series I—C—7Z,P;=3.7SZ '
Specimen 4x 4" 6X6" 8 x8"
Timeldays)| 1 /0" | Se/Se |t /8 [ Se/Se| t78F s, 75,
3 0.75 0.13 0.33 Q.12 0.19 | o.10
7 1.75 0.25 0.78 0.21 0.44 0.18
15 3,75 0.4D 1.67 0.32 0.94 1 0.27
33’ 8.25 0.55 3.67 0.42 2.06 | 0.38
72 i8.00 | o0.71 8.00° | 0.55-| ‘4.50 0.48
172 ' | 43.00 0.85 | 19.11 0.66 [ 10.75 0.60
323 80.75" 1.00 | 35.89, 0.78 20.19 0.66

)



T

219

e

A % _ ' c
Series III-C-76%,PC . -
Specimen 4x4" 6xg" 8 X 8"
Time(days) t/tf (s,/s, | t /8 Se/Su | t /1% |8, 75,
3 0.75 0.18 0.33 0.16 0.19 0.08
7. 1.75 0.32 0.78 | -.0.27 0.46 | o0.15
16 4.00 0.50 1.78 0.40 ) 1.00 0.24
34 8.50 0.64 | 3.78 0.54 2.13 0.40
7% . 18.50 '0.76 8.22 0.64 | 4.63 0.49
163 40.75 | o.88 f,gs.ll 0.75‘. 10.19 | -0.58
346 86.50 1.00 . [0 38.44 0.88 21.63 P 0.72

Series III-C-76%,Ps=1.25%

Specimen ax4 | exe" 8X8"

[Time(days)| t 76" [S./si [t /& | s./5 | 1 /0 | S, /s,
3 - 0.75 "0.22 0.33 | 0.09 | o0.19 “J  o0.08 -

7 17 0.32 0.78 0.19 | 0.44 '0.12

16 4.00 0.47 |- 1.78 0.32 1.00 | 0.20

34 8,50 0.61 3.78 0.43 2.13 | 0.3

74 18.50 0.72 8.22 0.24 4.63 0.36

163 40.75 0.8¢ | 1811 0.59 10.19 0.43

R 11 86.50 | 1.00 [ 28.44 0.76 21.63 0.57

\ N




Serties III—_C—?GZ ,Ps=2_.50%

Specimen | 4 x4" 6Xx6" 8 X 8*
Time(days) t/8 |S./S. | /88 [s;/s,|t/6t [s, /s,
3 0.75 © 0.18 .0.33 0.13 . 0.19 0.10
7 1.75 0.27 0.78. | o0.23 0.44 0.16
16 4.00 0.45 | 1.78 0.39 1.00 0.27
34 8.50 - 0.60 3.78 0.52 2.13 0.39
74 18.50 0.71 8.22 0.61 4.63 0.45
163 140.75 0.82 18.11 0.71 10.19 0.55
346 8650 1.00 38.44 0.85 21.63 0.68
Se:iescIII:C:762,P5=3.752
Specimen. 4X4" 6X6" 8xs"
Time(days)| t /tf |[s./s. | t/s€ |s. /S| t/B8 | s, /5,
3 0.75 | o0.15 0.33 0.14 0.19 0.08
7 1.75 0.27 0.78 0.25 0.44 - 0.15
16 4.00 0.44 1.78 | 0.42 .00 . -0.27
34 8.50 0.58 3.78. 0.57 2.13 0.37
74 18.50 0.71 8.22 0.67 4.63 0.45
163 40.75 0.82 18.11 0.78 10,19 0.55
346 . 86.50 1.00 38.44 0.94 21.63 '0.69

220



Series III-C-{-?GZ,Ps-_S.OOZ

221

8 X 8"

Specimen 4Xx4" 6X6"
Time(days| t/t8 [S,75. | 1/ [s,/s,|1/6° S, /S,
3 0.75 0.13 0.33 0.12 0.19 0.07
7 1.75 0.27 0.78 0.23 0.44 0.13
16 4.00 0.44 1.78 0.38 1.00 0.24
34 8.50 0.60 | = 3.78 0.55 2.13 |- 0.34
74 18.50 | o0.73 8.22 0.66 4.63 0.42
163 40.75 0.84 | 18.11 0.75 | 10.19 0.52
346 86.50 T00 38.44 ] 0.89 21.63 0.68
Series I1I-C-54Z,Ps=5.00% .
Specimen | 4x4" 6X6" 8 x8g"
Time(days)| t /b° | Se/S. |t 78 [ Se/S.| t71F [, /s,
v 4 1.00 0.14 0.44 0:11 0.25 0.10
8 7.00 0.26 985 | 0.0 0.50 |° 0.17
18 4.50 0.42 2.00 0.32 1.13 0.26
34 8.50 0.56 3.78 | . 0.44 2.13 0.34
74 18.50 0.69 8.22. | 0.57 4.63 0.45
163 40.75 0.83 18.11 0170 . 10.19 0.56
343 5.5 T 1.00 38.11 0.87 21.44 0.73
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Series‘-‘fl'.l—-c‘—Séz,PC !
Specimen 4 X4" 6X6" .~ 8X8"
Time(days)} t/b° |S,/S, | t/76% |s,/zs, |t /1% S. /S,
"4 1.00 0.23 0.44 0.18 0.25 0.12
s 2.00 0.38 0.89 0.28 0.50 0.23
18 4.50 0.56 2.00 0.46 1.13 0.36 7
34 8.50 0.70 3.78 0.60 2.13 0.47 .
74 18.50 0.78 8.22 0.69 4.63 0.56
163 40.75 0.88 18.11 0.79 10.19 0.65
343 85.75 1.00-| 38.11 0.91 21.44 0.79
' -
N
. R—
Series III~C-54Z Ps=1.25% b _
Specimen’ 4x4" 6X6" 8 x8" ,
Timeldays)) t /6" |Sa/Se [t/8 | Sess, |t/ [s. /s, |F
R 0.18 0.44 | 0.12 0.25 0.09
8 2.00 0.27 0.89 0.21- 0.50 0.17
18 4.50 0.45 2.00 0.33 113 0.29
34 8.50 0,58 3.78 0.42 2.13 0.38
74 18.50 0.70 8.22 0.52 4.63 0.44
163 40.75 0.82 1823 0.61 10.19 0.52 |
343 85.75 1.00 38.11 0.76 21.44 0.61




Series II1I-C-54%,Ps=2.50%

ta

| Specimen 4X4" i exe” 8 x8"

Time(days) t/b° |S,/s, |'t78" |s,/ss,[ 1768 |s, /s,

4 1.00 0.20 0.44 0.13 0.25 0.10

8 2.00 | o0.31 0.89 0.23 0.s0 | 0.17

18 4.50 10.48 2.00 |® 0.35 1.13 0.25

g1 8.50 0.59 3.78 0.42 2.13 0.32

74 18.50 0.70 8.22 0.52 4.63 0.41

163 40.75 0.83 18.11 0.62 10,29 0.48

343 85.75 1.00 38.11 0.77 21.44 0.61

Series II1-C-542,P5=3.75%

Specimen | 4 x4" 6X6" 8x8"
Time(days)| t /8 | Se/S. |t/ [s./s. | t/6F [s. /5.

4 | 1.00 0.19 0.44 0.13 0.25 0.10

8 2.00 0.31 | o0.89 0.23 0.50 0.18
18 [ 4.50 0.65. | 2.00 | 0.33 | 1.13 0.27 ]

3% . | 8.50 0.53 378 | 043 | 2.13 0.33

7% .} 18.50 1 0.67 8.22+| o.s4 4.63 0.43

163 | 40.75 0.81 18.11 0.66 10.19 0.53

13 | 85.75 1.00 38.11 0.83 21.44 0.68




Series [III-C-32Z,PC

224

Specimen 4 x4" 6X6" 8 X 8"
Time(days) t/8 [S,/s, [ t/88 [s./s. [t /67 [s, /Se
4 - 1.00 0.21 0.44 0.17  [N0.25 0.14
7 1.75 0.42 0.78 0.33 0.44 0.28
16 4.00 0.57 |, 1.78 0.45 | 1.00 0.37
31 7.75 0.69 3.44 0.55 1.94 0.47
72 18.00 0.80 8.00 0.67 4.50 0.57
163 40.75 0.93 18.11 0.79 10.19 0.66
344 86.00 1.00 38.22 0.90 21.50 0.76
N
Series III-C-32% Ps=1.25%
Specimen 4X4" . 6xe" 8 x8"
Time(days)| t /8 [ S./S. |t/ [Sesse| t78 s, /S,
& 5| 1.00 0.16 0.44 0.15 0.25 0.08
7 1.75 0.32 0.78 0.30 0.44 0.19
16 4,00 0.43 1.78 0.39 1.00 0.27
31 7.75 0.57 3.44 0.49 1.94 0.32
72 18.00 0.73 8.00 0.62 4,50 0.43
163 40.75 0.89 18.11 0.76 10.19 0.54
344 86.00 1.00 38.22 0.92 21.50 0.65




Series III~C-32%,Ps=2,50%

225

Specimen 4 xX4" 6X6" 8 x8"
Time(days} t/b° [S./S, | t/88-|s,/s. |t 768 |s, /s,
4 1.00 0.20 0.44 0.17 0.25 0.09
7 1.75 0.34 0.78 0.34 0.44 0.21
16 4.00 0.46 1.78 0.42 1.00 0.28
31 7.75 0.56 3.44 0.51 1.94 0.36
72 18.00 0.71 8.00 0.61 4.50 0.47
163 40.75 0.86 18.11 0.74 10.19 0.57
344 86.00 1.00 38.22 0.89 21.50 0.70
Series I11-C-32X,Ps=3.75%
Specimen 4 X 4" 6x6" 8 x8"
Time(days)| 1 /b | Se/Ss [t /8 |.Sa/S.| t/78F |S. /S,
4 1.00 0.17 0.44 0.12 025 0.07
7 1.75 0.34 0.78 0.24 0.44 0.18
16 4.00 0.49 1.78 0.36 1.00 0.26
.
31 7.75 0.61 3.44 0.44 1.94 0.33
72 18.00 | “'0.74 8.00 0.54 4.50 0.42
163 40.75 0.86 18.11 0.65 10.19 0.50
344 86:00 1.00 38,22 0.80 21.50 0.60




i

Series I11-C-32%,Ps=5.00%

226

Specimen 4 X 4" 6X6" 8 X8°
Time(days} t/b° |S,/S, | t/8° |s, /s, |t /b8 Se /S,
4 "1.00 0.16 0.44 | 0.13 0.25 0.10
7 '1.75 0.32 0.78 0.25 0.44 0.20
16 4.00 0.46 1.78 0.36 1.00 0.29
31 7.75 0.56 3.44 0.48 1.94 0.37
72 18.00 0.71 8.00 0.61 4.50 0.47
163 "40.75 0.85 18.11 |, 0.73 10.19 0.58
344 86.00 1.00 38.22 0.89 21.50 0.70
- -~
Series III-C-7%,Ps=5.00%
Specimen 4X 4" 6x6" | . s8xs"
Time(days)| t /6" | Se/S. |t /8 [s./75. | 176 [s. /s,
4 1.00 0.20 0,44 0.14 0.25 0.11
11 2.75 0.39 1.22 0.29 0.69 0.20
19 4.75 0.53 S 2.11 0.38 1.19 0.27
47 11.75 0.67 5.22 0.49 | 2.94 0.35,
80 20.00 0.79 8.89 [. 0.57 5.00 0.45
164 41.00 0.89 18.22 0.65 10.25 0.54
343 85.75 1.00 38.11 0.75 21.44 0.64
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Series III-C-7X,PC -

Specimen 4XxX4" - 6 X6" 8 xs8"
Time(days)} t/b° |[S,/S, | t788 |s,/s,]t /68 S. /S,
4 1.00 0.26 0.44 0.22 0.25 0.18
11 2.75 0.46 1.22 | 0.37 0.69 Q.31
19 4.75 0.58 2.11 0.46 1.19 0.39
47 11.75 0.77 5.22 0.58 2.94 0.45
80 20.00 0.84 8.89 0.66 5.00 % 0.54
164 41.00 0.92 18.22 0.75 10.25 0.63
343 85.75 1.00 38.11 0.84 21.44 0.72

%

Series 11I-C-7Z,Ps=1.25%

Specimen 4Xx4" " 6X6" 8 x8"
Timeldays)| t /b° [ S./S, [ t/8 | Susse| t/88 s, /S,
A . 1.00 0.20 0.44 0.17 0.25 0.17,
11 2.75 0.37 1.22 | 0.29 0.69 0.26
19 4.75 0.49 2,11 | 0.37 /| 1.19 0.31
U7 11.75 0.63 5.22 0.46 2.94 | 0.40
80° | 20.00 0.77 | ° 8.89 0.57 5.00 0.46
v 164 41,00 0.89 18.22 0.69 10.25 0.54
343 85.75 1.00 | 38.11 0.80 21,44 0.63




Series III-C-7Z,Ps=2.50%

228

Specimen q4x4" 6X6" 8 x8"
Time(days] t/b° |S.,/S, | t/8° |s,/s,|t /1% |s, /s,
“ 1.00 0.23 0.44 0.18 0.25 0.14
11 2.75 0.38 1.22 0.33 0.69 0.25
19 4.75 0.51 2.11 0.43 1.19 0.32
47 11.75 0.66 5.22 0.52 2.94 0.39
80 20.00 0.77 8.89 0.62 5.00 0.48
164 41.00 0.89 18.22 0.72 10.25 0.57
343 85.75 1.00 38.11 0.82 21.44 10.67
Series III-C-7Z,Ps=3.75%
Specimen | 4x4" . 6X6" 8 x 8"
Time(days)| t /b [Se/S. |t /8 | S./s. | t/88 |s. /s,
4 1.00 . 0.21 0.44 0.16 0.25 0.11
11 2.75 |. o0.39 1.22 0.30 0.69 0.21
19 4.75 0.52 2.11 0.40 1.19 0.28 -
47 11.75 0.67 s.22 | - 0.50 2.94 0.35
80 20.00 0.78 8. 89 0.60 5.00 0.43
164 41.00 | 0.89 18.22 |  0.69 10.25 0.51
343 85.75 |- 1.00 38.11 0.77 21.44 0.60




Series 1-$-76%,PC

3 229

Specimen 3x3" 3xe" 3Xx9" 3x12"

Time(days) 1/b [Se/Su|t/8 [Sa/Sa|t /8 [Sess 178 [s./5.

3 1.33} 0.15 0.33 0.05 0.15 0.08 0.10 0.11

7 3.11] 0.33 0.78] 0.16 | 0.35] 0.12 | 0.19] o.18

14 ’6.22 0.43 1.56 0.26 0.69 0.21 0.39 0.26

28 12.44 ] 0.60 3.11 0.43 1.38 0.31 0.78 0.33

70 31.11 ) 0.80 7.78 0.69 3.46 0.44 1.94 0.48

209 92.89] 0.98 23.52 0.81 10. 32 0.59 5.81 0.61

274 121.78]1 1.00 30.44 0.80 13.53 0.59 7.61 0.62

[ o)
"y
Series I-S+76X,Ps=2,22% '
Specimen 3x3" 3x6" 3x9" 3xie"

Timeldays)| t /6 [Se/S. [t /8 [se/s] 78 [s./s.1/6 Se/S,

3 1.33] 0.14 0.33 0.07 0.15 0.14+4 0.10 0.08

7 3.11] 0.35 - 0.78§< 0.16 0.35 0.20 0.19 0.11

14 6.22] 0.49 ' 1.58 0.27 0.69 0.27 0.39 0.18

28 12.44 | 0.67 3.11 0.35 1.38 0.34 0.78 .22

70 31.11] 0.88 7.78 0.58 3.46 0.49 1.94 0.35

209 92.89] 0.98 23.22 0.89 10,32 0.68 5.81 0.53

274 121.78] 1.00 30.44 0.95 13.53 0.71 7.61 Q.55

)



Series [-5-761,Ps=3.45X

&

230

Specimen 3x3" 3xe" 3x9" Ixe"
Timeldays) 1/ |Sa/Sa|t/8 |Se/Se|t /8 [Se/Su| t78 [SessS,
3 1.33] 0.11 0.33] 0.09 | o.15s| o0.11 | o.10] o.15
7 3.11} 0.40 0.78| 0.22 | o0.35]| o0.16 | 0.19] o0.22
14 6.22| 0.51 1.56] 0.32 | o0.69]| 0.22 | o0.39{ 0.27
28 12.44] 0.65 A4.11| 0.45 1.38) 0.32 | 0.78| 0.35
70 - | 3111 o.8a¢] 7.78] o0.64 | 3.46] 0.49 | 1.94| 0.46
209 92.89] 0.98 23.22¢ 0.82 ] 10.32] 0.69 5.81] 0.58
274 121.78[ 1.00 | 30.44| 0.85 | 13.53] 0.76 | 7.611| 0.62
,
Series I-S-76X,Ps=4,90% \ . /
Specimen 3x3" 3xe" 3X9" . 3xi2"
Timeldays)| t /8 [Se/S. | t /8 |Se/S.|t/78 [s./7s.|t/8 |s./s.
3 -1.33] 0.14 0.33] 0.07| o0.15] o.05| o.10[ o.0s
7 1.33] 0.23 0.78] 0.16 | o0.35) 0.11 | 3.46| 0.45
14 6.22] 0.36 1.56] 0.27 0.?6 0.18 | 0.39| o0.14
28 12.44] 0.50 3.11| o.41 2738 0.27} o.78| 0.20
70 31.11} 0.73 7.78| o0.64 | 3.46] 0.45f 1.94] 0.36
209 92.89| 0.10 | 23.22f 0.82 | 10.32| o.71 | s.81] 0.61
274 |121.78] 1.00 | 30.44] o.86 | 13.53] 0.77| 7.61] o.66




.
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Series I-5-54X,PC
Specimen 3x3" 3x6" 3x9" 3Xi2"
Time(doysl 1/B [Se/Su|t/8 [Se/Se|t/78 |SesS.| t/78 |Sa/S.
3 1.33 009 0.33 0.08 0.15 0.07 0.10 0.087.
, 7 3.11] 0.21 0.78 I0.15 0.35 0.15 0.19 0.15..l
14 6.22] 0.3 1.56{ o0.24| o0.e9] 0.22| o0.39] o0.22
28 12,441 0.50 3.11| 0.37 1.38 0.32 0-.78 0.32
74 32.89] 0.78 8.22 0.‘50 3.65 0.43 2.06 0.42
202 89.78} 0.93 | 22.44| o0.s9| 9.98] o.51 s.61]| 0.49
288 128.00} 0.96 32.00 0.61 14.22 0.50 8.00 0.47
.
b ' °
Series I1~5-54X,Ps=2.22X
Specimen 3x3" 3xe6" 3x9" 3xi2"
Timeldays)| t /b [Se/S. |t 76 |Se/Sa| 178 [s./5,| 128 [suss.
3 1.33°0.07 0.33] 0.07 | 0.15] 0.03 | 0.10 | 0.06
7 " 3.11 |0.17 0.78 § 0.15 | 0.35] 0.11 | 0.19 [ 0.11
14 6.22 |0.30 1.56 | 0.22 | 0.69 | 0.17 | 0.39 | 0.22
28 12.44 {0.43 3.11f 0.35 | 1.38] 0.25 | 0.78 | 0.28
74 32.89 |0.73 8.22 | 0.47 | 3.65 | 0.42 | 2.06 | 0.42
202 89.78 |0.90 [ 22.44 § 0.57 | 9.98 | 0.50 | s.61 ] 0.51
288 128.00 0.53— 32.00 | 0.60 |14.22 | 0.53 | 8.00 | 0.53
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i
Series 1—s-saz;psaa.451' ~
Specimen 3x3" 3x6" 3X9" 3XI12"
| Timeldaysl 1/8 |Se/Su[ 178 |Se/Se|t /8 [SesSd| t78 [Se/S.
| 3 1.33] 0.04 | 0.33] 0.06 | o.15] 0.04 Q10| 0.05
7 3.1 0.15 0.78f 0.15| 0.35| 0.10 | o.19} o0.12
14 6.22] 0.30 " 1.56] 0.22] o0.69] 0.17 | 0.39] 0.18
28 12.44].0.43 31| o3z} 1.38| 0.25 | 0.78| 0.2y
T 74 32.89| 0.78 8.22| o0.50 ] 3.65] .0.36 | 2.06| 0.44
202 89.78]| 0.96 | 22.4%| 0.69 | 9.98] 0.48 | s.61| 0.54
288 128.00{ 1.00 | 32.00| 0.74 | 14.22} -0.50 ]| 8.00] 0.57
f ¢
Series I-S-54%,Ps=4.902% -
Specimen |  3x3" 3Xx6" ~ 3x9° 3xi2"
Timeldays)| t 78 |S.75.| t 78 |Su/S.| 178 Se/Su| t /b {575,
3 1.33[ 0.23 0.33] o0.05]| o.15] o.06| o0.10] o.05
7 3.11f 0.36 0.78] o0.09] 0.35] 0.13| o0.19] o0.09
14 6.22| 0.50 1.56] o0.18]| 0.69] o0.20] o0.39] o0.16
28 12.44] 0.64 3.1 0.31| 1.38f 0.35[ o0.78] 0.27
74 32.88) 0.77 8.22| o.51| 3.65] o0.55| z2.06] o0.45
202 89.78] 0.86 | 22.44] o0.68]| 9.98] o0.66] s5.61] 0.56
288 128(00] 0.91 | 32.00] 0.77| 14.22] o.70| s8.00] o.57
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1 «
Series I-S-32%,PC :
Specimen 3x3" 3xe" 3Xx9" 3XI12"
Time(dayst t/B |Se/Su| t/5 [Se/Selt /8 [SesS| t/78 |Se75.
3 1.33| 0.08 0.33] 0.09 | o0.15| 0.09 | o0.10] 0.06
7 3.11[0.13 | 0.78} 0.34 | 0.35| 0.14 [ 0.19} 0.12
14 6.22| 0.27 1.56) 0.22 | 0.69| 0.21 | 0.39| 0.19
28 12.44 | 0.42 31| 031 | 1.38 | 0.29 | o0.78} 0.24 |
72 | 32.00f 0.69 8.00] 0.51] 3.5¢] 0.46 | 2.00] 060 |
T 07 92.00| 0.94 | 23.00| 0.63{ 10.22} 0.58 | 5.75| 0.46
276 |123.56] 0.96 | 30.89] 0.61| 13.73] o0.55 | .72 0.47

Series-I-5-32% ,Ps=2.222%

e

Specimen 3x3" 3X6" 3X9" 3x12" .
Timeldays)| t /b |Se/Su| t'/8 [Se/Se| t78 [S.78.[t 78 5,75,
UG | 1.33{0.09 0.33| 0.09 | 0.15| 0.09 | 0.10 | 0.09
| 3.11{o0.16 0.28] 0.13 | 0.35| 0.13 | 0.1 | 0.13
14 6.22 1 0.25 1.56 | 0,19 | 0.69| 0.20 | 0.39 | 0.20

28 12.44 Jo.44 -} 31| 0.25 | 173 | 9-26 | 0.78 | 0.25

72 32.00 {0.78 |- 8.00 [ 0.9 | 3.56 | 0.41 | 2.00 0.45

207 92.00 [0.97 | 23.00 | -0.70 | 10.22 | 0.53 | s5.75 | 0.54

278 123.56 [1.00 | 30.89 | 0.72 | 13.73 | o.ss 7.72 | 0.55




~

Series 1-$-32%,Ps=3.45%

Specimen 3x3" 3x6" 3X9" 3IX12"
| Time(days) '1/5 |Se/Su| t/8' [Se/Se|t /8 [SesS.| 178 [SerS.
| 3. | 1.33f 0.14| "0.33} o.10} o.15| o0.10| o.10] o.09

7. sulan 0.78| o0.21] o0.35] 0.17| o0.19] o0.12
Y 6.22| 0.34 | 1.56 0.25  0.69] 0.22 | 0.39 0.16
) 28 12.44] 0.52 3.11| 0.33 1.38| 0.29 | 0.78 0.21

72 32.00}. 0.69 8.00] 0.49] 3.56] o0.45 | 2.00] 0.37

! 207 92:§ul’1}.93 | 23.00] o.66 | 10.22] 0.59 [ 5.75] 0.25

218 123.56} 1.00 | 30.89] o0.69| 13.73| o0.63| 7.72] o0.47
.

Seri%s 1-5-32Z,Ps=4.90% -

Specimen 3x3" 3x6" ! 3xg" 3Xi2"
Timeldays)| t/b [Su/S. |t /8 [se/sift78 [s./s.| 178 [su/s.

3 1.33]0.12 | 0.33] 0.12 | o.15{ o0.08 | o.10 |“0.07

7 3.11 | 0.20 0.78} 0.16 | 0.35| 0.16 | 0.19| 0.13

" 14 6.22 [ 0.31 1.56 | 0.24 |.0.69| 0.20 | 0.35] 0.16
28 12.66 [ 0.a1 | 311 0.33°| 1.38] 0.20 | o.78 | 0.24
72 32.00 | 0.7i 8.00] 0.53 | 3.56 0.45 | 2.00| 0.37
207 92.00)0.94 | 23.00{ 0.69 | 10.22| 0.59 | s5.75 | 0.53
278 123.56 | 1.00 | 30.89 | 0.76 | 13.731 0.67 | 7.7%{ 0.57

234 7
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Series I-S-7Z,PC _
Specimen 3x3" 3X6" 3x9" 3xi2"
Timeldays) 1/5 |Se/Se|1/8 [Se/Su|t78 [SerS.] 178 [Se/5.
3 1.33{ 0.11 | 0.33] 0.09| *o.15] 0.09 [ o0.10] o0.10
7 3.111 0.22- [ 0.78} 0.17] 0.35] 0.18| 0.19] o0.16
14 6.22) 0.32 | 1.56] 0.26 | o0.69] o0.24 | 0.3 0.23
28 12.441 0.49 | 3.11] 0.40] 1.38) 0.3 | o0.78[ o0.32
.70 .l 0.75 1 7.78) o.s8| 3.46| o0.4s | 1.94] 6w41
1203 90.22} 0.92 22.56) 0.67 | 10.02} 0.52 5.64| 0.51
275 f122.22] 0.97 | 30.56] o0.67 | 13.58] o0.53 64 051
)
7
/ -
|
Series I-S-7%,Ps=2.22% N .
Specimen |  3x3" 3x6" 3x9" 3x12"
Timeays)| 1/6 |S. /5. 1 78 [s/s[t/78 [s./s.] 178 [suss.
i\z 1.330.09 | 0.33] 0.06 | 0.15] 0.04 | 0.10] o0.05
7 3.11{0.28 | o0.78] 0.14 | o0.35| 0.14 | .19 0.10
1w | 622|028 | 1.56 0.20 | 0.69] 0.18 | 0.39] 0.15
28 12.86).0.43 | 31| o.32] -1.38) o0.25 | o.78| 0.22
70 n.a1{o.6s | 7.78] o056 | 3.46] 0.33 ] 1.94] 0.30
203 }90.22f0.89 | 22.56| 0.69'] 10.02) ‘0.51 | 5.64 0042
215 f122.22] 0.92 | 30.56]- 0.72 | 13.58] o0.54 | 7.64 0,43

5
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Series 1-5-7%,Ps=3.45%
Specimen| 3x3" | 3xe" 3x9" 3x12"
Timeldays] 1/8 |Se/Sa|t/8 [Se/Su|t /8 [SesSe] t78 [Su/S,
3 1.33] 0.10 0.33) 0.07| o0.15| 0.05] o0.10]| 0.04
7 3.11] 0.20 |- 0.78| o0.13| o0.35] o0.10| o0.19] o.08
14 6.22] 0.27 1.56) 0.20] o0.69] 0.27| o0.39| o0.13
28 12.44 0.47°1 3.11| o0.33| 1.38] o0.27] o.78| 0.20
70 31.11| 0.67 7.78} o0.52| 3.46) 0.43) 1.94] 0.37
203 90.22| 0.93 | 22.56| 0.67] 10.02] 0.53] s5.64] 0.47
275 122.22] 1.00 | 30.56] 0.73°| 13.58] o0.58| 7.64] o0.53
Series fI_—S—-?I,Ps=4.901
Specimeri’ 3x3° 3xe" 3x9" 3xi2"
TimeWoys)| /b [Sa/S.| 1 /8 [Se/8.[t78 [s./5.] t 28 |Su/s.
3 1.33/0.13 | 0.33] 0.04 | 0.15f 0.05 [ 0.10 0.05
7 3.11 0,47 0.78] 0.08 } 0.35| 0.10 | o0.19
14 6.22] 0.25 1.56| 0.3 | o.69f -0.15 | 0.39
28 '12.54 0.38 3.1} 0.23 | 1.38] 0.23 ) o0.78
70 31.11} 0.67 7.78| v.40 | 3.46) 0.38 | 1.94
203 9.22)0.96 | 22.56] 0.65 | 10.02] 0.61 | s.64| 0.50 |
275 f122.22]1.00 | 30.56 | 0.71 { 13.58] 0.61 | 7.64 | 0.56 )/
PN

o
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Specimen 3X3" 3x6" 3x9" | 3xi2"
Time(days) 1/b [Se/Se| t/8 |Se/Sift /8 |Sers.| t/78 [Surs,
3 1.33] 0.11| 0.3310.10 | 0.15 | 0.09 | 0.10} 0.07
7 3.01) 0.22 | 0.78)0.17 | 0.35 | 0.13 ] 049 ] 0.12
| 6.22] 0.34 [1.56[ 0.25 | 0.69 | 0.20 0.39 | 0.17
29 12.89| 0.45 ) 3.22|0.34 | 1.43 | 0.26 | 0.81o0.22
74_1 32.89) 0.67 | 8.22| 0:52 | 3.65 | 0.40 | 2.06 | 0.35
183 | 81.33] 0.90 |20.33] 0.64 | 9.04 | 0.53 ] s5.08 0.45
290  |128.89] 0.90 |32.22] 0.66 [14.32 | 0.55 | 8.06 ) 0.16
Series 111-3—32%;9335.22% .
|specimen|  3x3" 3IX6" 3X9" 3x12°
Timeldays)| t /b |Se/S.| 1 /8 [Su/Su|t78 [se/s.] 178 [s./s.
3 1.33] 0.11:| 0.33] 0.09" | 0.15°| 0.06 [0.10 [0.05
7 3.11] 0.18 | 0.78]10.18 | 0.35 | o0.11 0.19 |o0.10
14 6.22] 0.3 1.560.30 | 0.69 | 0.17 [0.39 |o0.15
29 ‘12.89 0.42 | 3.22|0.36 [ 1.43 | 0.23 |0.81 |o0.18
74 32.89] 0.63 | 8.22]|0.58 | 3.65 | 0.37 [2.06 [o0.35
183 81.33] 0.88 | 20.330.75 [ 9.04 | 0.50 |5.08 | 0.47
290 128.891 0.91 | 32.29 0.78 4.32 | 0.53 }8.56 |o.s0
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Series I1I-S-32%, PB=3:45%

Specimen 3x3" 3xe6" 3X9" 3IxIR"
Time(daysX 1/B |Se/Su| /8 [Ses/Se|t /78 [SerSe| t78 [s475,
3 . 1.33] 0.1 0.33| 0.07 1 o.1510.04 | o0.10 | o.05
7 | 3.11]o0.22 0.78] 0.23 | 0.35}0.08 | 0.20 | 0.11
14 6.22 | 0.40 1.56} 0.22 | 0.69|0.16 | 0.39 | 0.17 .
29 12.89 ) 0.55 3.22] 0.31 | 1.43)0.27 | 0.81 | 0.25
7% 32.89 [ 0.77 | 8.22| o.49 | 3.65{ 0.41 | 2.06 | 0.40
183 81.3310.92 | 20,33: 0.66 { 9.04 | 0.57 } 5.08 | 0.50
290  p28.89) o0.94 | 32.22] 0.70 |14.32 ] 0.59 8.06 { 0.55"

g Gl
Series 11I-$-32%,Ps=4.90%

Specimen 3x3" 3x6" 3x9" 3xi12"
Timeldays)| 1 /b [Sa/S.| t /6 [Se/Su|t78 |SesS]| 28 [50/S.
3 1.3310.08 | 0.33] 0.06 | 0,15} 0.05 | 0.10 | 0.05
7 3.11|0.16 | 0.78 |"0.14 | 0.35(-0.12 | 0.19 | 0.10
4] 6.22]0.33 | 1.56 | 0.33 | 0.69|0.21 [0.39 | 0.17
" 29 12.89 ) 0.45 | 3.22 | 0.43 | 1:43]0.26 | 0.81 | 0.25
7% {32.89(0.68 |8.22 | 0.62 | 3.65]0.42 | 2.06 | 0,38
185 |B1.33|0.91=] 20.33] 0.78 | .04 | 0.62 | 5.08 | 0.48
290 )28.89 | 0.97 }.32.22 0.82 [14.32 [ 0.63 | 8.06 | 0.49
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Specimen 3x3" 3X6" 3x9" 3XIR"
Time(days| 1/ |Se/Su|t/B |Se/S|t /8 |SesS.|t/8 [Surs.
3. |- 1.33]0.12 ] 0.33] 0.10] 0:15[ 0.08 | 0.10 | 0.07,|
? 3.11} 0.29 | 0.78 | 0.21| 0.35f 0.16 | 0.19 | o.15
~ 14 6.22] 0.49 | 1.56 | 0.37| 0.69| 0.25 | 0.39 | 0.23
31 13.78] 0.69 { 3.44 | 0.9 1.53) 0.36 | 0.86 | 0.33
73 %a.uu 0.83 | 8.1 | 0.64 | 3.60] 0.47 | 2.03 | 0.46
183 81.33| 0.56 | 20.33| ©.77 é.ou 0.56 | 5.08 | 0.56
287  J127.56] 0.67 | 31.89] 0.78 | 1412} 0.56 | 7.97 | o.56
Serles III-S-54%,P8=2.22%
Specimen 3x3" . 3X6" 3x9" 3x12"
Timeldays)| 1/b |Su/S.[ 478 [Se/S| 178 [Se/s| 178 [surs,
3 1.33 d.1:;"‘ "0.33 0.08 0.15] 0.06 | 0.10 | 0.05
7 3.11] 0.28 | 0.78 | 0.18.) 0.35| 0.23 | 0.19 0.13
14 6.221 0.49 { 1.56 | 0.33 | o0.69 0.19 | 0.39 | o.19
3 13.78 0.70 | 3.44 | 0.u6{ 1.53| 0.30 | 0.86 | 0.30
73 32.44 ) 0.84 | 8.11 | 0.58 | 3.60| 0.42 | 2.03 | 0.39
183 81.33 0.96 [20.33 | 0.75 | 9.0 | 0.5% |-5.08 0.46
287 Fa7.56 | 1.00 [31.89 | 0.82 f14.17| 0.57 | 7.97 | 0.8
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Specimen 3X3" 3Xe" 3X9" 3xXi2"
Time{days| /5 |Se/Su|t/8 |Se/Seft /8 |Se/Su]| t/B [Se/Se
5 7| 1.331 o.12| 0.33)0.08 | 0.15 | 005 | 6.10] o0.05
7 .11 0.24 | 0.78}0.18 | 0.35 0.12 1 0.19| 0.12
14 6.22| o.u4 | 1.56 ) 0.34 | 0.69 | 0.21 ] 0.39| o.22
31 15478] 0.68 | 3.44 }0.47 | 1.53 | 0.32 | 0.86| 0.34
73 s2.44) 0.92 ] 8.11)0.64 | 3.60 | o.uy | 2.03] o0.45
183 | 81.33] 0.96 | 20.33] 0.78 | 904 | 0.56 | 5.08 | 0.59
287  |27.56] 1.00 [31.89]0.83 |is.17 { o.58 | 7.97| o.62
Series III-S5-54%,Ps=4.90%
Specimen 3xX3" 3X6" 3x9" - 3xi2®
Timeldays)| 1 /B |Se/Su| 1 /6 |Se/S| 178 [Su/Se| t /8 [Se/s.
3 1.33| 0.13] 0.33)0.08 | 0.15| 0.06 | 0.10]0.06
7 3.11] 0.30 | 0.78]0.16 | 0.35| 0.12 | 0.19]0.11
1 6.22| 0.43 | 1.56 ]| 0.29 | 0.69] 0.20 | 0.39]0.19
31 15.78] 0.60 | 3.44{0.42 1.53] 0.29 6.86 0.30
73 32.44] 0.82 1 8.1110.54 | 3.60| 0.41 | 2.03]0.43
183 81.33] 0.95 ]20.33] 0.69 9.04] 0.54 | 5.08 | 0.57
287. 127.56] 1.00 {31.89]0.72 | 14.17] 0.58 | 7.97 | 0.59
-
f ) .
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Series .I1I-S-7%,PC .
Specimen [ 3 X 3" 3x6" 3X9" 3xi2"
Time(days) 1/b |Se/Su[1/8 |Se/Su|t /8 [Sers.) t78-[80/5.
3 1.33] 0.10 f0.33 [0.09 | 0.15 | 0.07 | 0.10]0.05
7 3.11] 0.23 10.78 J0.20 {0.35 | 0.15 | 0.19 | 0.14
1y 6.22| 0.31 1.56 |0.26 | 0.69 | 0.21 | 0.39{0.19
30 13.33] 0.52 |3.33 |o.41 | 1.48 | 0.32 | 0.83)0.30
73 22.44] 0.70 [8.11 |o.57 | 3.60 o:aa 2.03 00;39
181 U 80.44] 0.91 [20.11 | 0.73 | 8.94 | 0.52 | 5.03 0.49
284 126.22) 0.97 |31.56 J0.74 | 14.02] o.52 | 7.89 0.51
Series 111~s-?§,pa=a.2a%
Specimen 3xX3" 3Xx6" 3X9" - 3xi2"
Timeldays)| t /b [Sa/S.{t /6 |s./s.|t/8 [sers] 78 Is./s.
3 1.33[ 0.13 | 0.33]0.07 | 0.15| 0.06 | 0.10 | 0.07
; 7 3.1 0.28 | 0.78 |0.20 | 0.35] 0.13{ 0.19 0.14
; 1 6.22| 0.41 | 1.56}0.25 | 0.69] 0.18 | 0.39 fo.19
30 13.33 0.63 3.3310.40 1.48[ 0.31 | 0,83 |0.30
.73 32.44f 0.78 [ 8.11 }0.58 | 3.60{ 0.46 | 2.03 |o0.4
181 80.44] 0.94 | 20.10.73 | 8.94) 0.58 | 5.03 |o.52
284 126.22| 1.00 | 31.5¢ 0.77 | 14.02] 0.61 | 7.89 |o0.55




Series I1I-5-7%,Ps=3,45%
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Specimen 3x3" 3x6" 3X 9" 3X12"
Timeldays] 1/8 [Se/Su| 178 |SesSe|t /78 [SesSe| t78 [Se/S.
3 - 1.33] 0.10 | 0.33| 0.07| o0.15] 0.05 | 0.10 |o0.04
7 3.11| 0.20 | 0.78 | 0.13] 0.35] 0.12 | 0.19 |o.11
15 6.22| 0.40 | 1.56 | 0.18 | 0.69]| 0.17 | 0.39 |0.15
30 13.33} 0.68 | 3.33| 0.31| 1.48] 0.27} 0.83 |0.26
73 32,441 0.87 | 8.11 | 0.48 ] 3.60| 0.40 | 2.03 |o.38
181 . | 80.44 0.97 [20.11 | 0.63) 8.94{ 0.52 | 5.03 |o.48
284 he6.22f1.00 |31.56 | 0.67 |14.02] 0.55 | 7.89 |o.5q
Seriées III-S-7%,Pa=l.90%.
Specimen 3x3" 3Xx6" 3X9" 3xi2"
Timeldays)| t 7b |Sa/S.| t /8 [Se/Su|t/78 |Se/Se| t /8 [S./S,
3 1.33] 0.11 | 0.33 {0.07 0.15] 0.07°1 0.10 {1 0.07
7 3.11 | 0.22 | 0.78 |o.15 | 0.35|0.15 | 0.19 { 0.14
W . | 6.22|0.27 | 1.56 |0.22 | 0.69)0.19 [ 0.39 | 0.19
30 13.33] 0.51 3.33 10,35 1.48 | 0.31 0.83 931
?73 32.44 | 0.73 | 8.11 |o.53 /;.60 0.48 .| 2.03 0'#61
181 80.44 1 0.87 [20.11 lo.71 | '8.94|o0.65 | 5.03 | 0.60
284 h26.22| 0.95 {31.56 }0.75 [ 14.02 0.70 | 7.89 | o.64
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