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SYNOPSIS

Experimental and analytical investigations of the thermal
‘coefficient of expansion and the modulus of elasticity of plaih and
reinforced concrete under short-term steady state temperatures (-100°F
to +150°F) were carried out. Tests were conducted on one hundred andv
twenty-five 12 in, x 4 in, x 3 in. slab*specimens and thirty-six 12 in,
x 3 in, x 3 in, prism specimens, |

The slab specimens were used to determine the thermal coef-
ficient of expansion. The one hundred and twenty-five specimens con-
sisted of seventeen series bf seven specimens each and one serles of
six specimens, In each series the reinforcements in the slabs varied
from 0Z to 5%, Nine of these series were symmetgically reinfqrced and
the other nine were unsymmetrically reinforced, Among these nine series
of each reinforcement type, five series were dry-cured; they were kept

in water (68°F to 70°F) for seven days, after which they were taken out

and stored in the laboratory (68°F to 72°F temperature and 657 to 757 RH)

until tested. The remaining four series were wet-cured; they were kept
in water (68°F to 72°F) until tested, The last dry-cured series in
both the symmetrical and unsymmetrical reinforced types were tested
at the age of one year. The other series were tested at three different
ages, viz. 7, 28 and 84 days.

The prism specimens were used to determine the dynamic modulus
of eiasticity of concrete by the resomant frequency method, Two prism

specimens were cast with each series of slab specimens. They were cured

* A segment of the reinforced concrete slab of a steel-concrete
composite section.
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and treated in the same way as the slab specimens. The prism speci-
nens were tested simultaneously with the slab specimens at each test
age. Along with the slab and prism specimens five 6 in, x 12 in,
control cylinders were cast for each series, They were used to deter-
nine concrete strengths and the initial tangent modulus of elasticity
at the various test ages.

At each steady state temperature the fundamental relations
of equilibrium of forces and moments and the compatibility of linear
deformations were considered for the slab specimens, From these
conditions analytical expressions were derived for the strains and
the coefficient of thermal expansion of reinforced concrete., A computer
programme was used to calculate the coefficient of expansion and the
force developed in concrete at each test temperature. These results
are presented in graphical and tabular form,

From the experimental work measured deformations of slab
specimens were curve fitted by the least square method, Thé fitted
curves and the actual deformations were plotted using a special
plotter programme, The coefficient of correlation and the estimate
of error for the curve fit were computed, Experimental and analyti-
cal values were compaied and the correlation was found good.

The variations of the coefficients of expansion of plain
and reinforced concrete with the different variables, viz. water-
cement ratio, method of curing, arrangement and amount of longitudinal
steel and age, were {nvestigated. Definite patterns of relations

between the different variables were found and are reported in the form

of figures and tables.
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The dynamic modulus of elasticity values were calculated
.and curve fitted using a separate computer programme., The rate of

variation of the dynamic modulus of elasticity with age, water-
cement ratio and type of curing was reported, The results, presented
in the form of graphs and tableé, show that a definite pattern of
relations exists between these variables,

The coefficient of expansion values decreased with an increase
in the water-éement ratio and increased over the age. For plain concrete
the coefficient of expansion varied from 4.60 x 10“6 in./in./°F (w/c
0.445 - 7 days wet-cured) to 3.34 x l()-6 in./in./°F (w/c 0.67% - 84 days
wet-cﬁred). For the reinforced section the values varied from 5.74 x
10-6 in./in./°F (w/c 0.445 - 84 days dry-cured; 5% steel; ;nsymmetric
face 1*) to 2.80 x 10-6 in./in./°F (w/c 0.672 - f days wet-cutéd; 5%
-steel;wunsymmetr;c face 2**). The coefficient of expansion of symmetrically
reinforced concrete increased with an increase in the percentage of steel
'reinforcement (3.64 x 10-6 in./in./°F for 02 to 4.32 x ].0"6 in./in./°F
for 5% - ASD 0.577; 7 day old). For unsymmgtrically reinforced concrete
the coefficient of expansion for thé concrete face near the reinforcement
increased Qignificgntly with aﬂ increase in the percentage of steel
(3.64 x 10-.6 i{n/in./°F for 0% to 5.11 x 10-6 in./in./°F for 5 -

Series AUD 0.577; 7 days old), while that for the concrete face away
from the reinforcement decreased slightly (3.64 x 10-6 in./in./°F for
0% to 3.42 x 10-6 in./in./°F for S%.- Series AUD 0.577; 7 days old).
The wet-cured épeciments had lower coefficients éf egpansion'than those

for the dry-cured specimens.

* Face 1 - near the steel reinforcement
*% Face 2 - away from the steel reinforcement



The dynamic modulus of elasticity of wet-cured concrete
increased with age (5079 KSI at 7 days to 5503 KSI at 84 days - Series
ASW 0.487), while that for the dry-cured concrete decreased with age -
(5209 KSI at 7 days to 4635 KSI at 84 days - Series ASD 0.487). .The
modulus of elasticity increased with a decrease in temperature (4729
KSI at 153.6°F to 5796 KSI at -100.2°F - Series ASD.0:487; 28 days
old), having different rates of change in slopes for below (-11.15
KSI/°F; ASD 0.487; 28 days old) and above (-1.28 KSI/°F; ASD 0.487;

28 days old) the freezing point. The rates of change in the slopes

of the modulus of elasticity were greater with a higher water-cement
ratio. With the exception of the above freezing changes in the ,
slopes of the dynamic-E of the wet-cured concrete, the rates of
change generally decreased with age (-10;03 KSI/°F at 7 days to -2.50

KSI/°F at 84 days - Series ASD 0.445; below freezing slopes).

iv
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CHAPTER 1

INTRODUCTION

1,1 GENERAL

Concrete 1is iﬁvariably used in conjunction with steel.
Reinforced and prestressed concrete and composite structures contain
varied percentages of steel, These two materials - steel and concrete -
have different thermal and physical properties.

The thermal coefficient of expansion of steel (“s =6,5% 10°
in./in./?F; A.I.5.C, manual 1966) is normally greater than that of
concrete («c = 3,56 x 10”° in,/in./°F for water-cement ratio = 0,672,
age = 7 days and temperature 32°F - 150°F), In a structural member,
the section of which is composed of steel and copcrete, the deformation
of steel would be greater than tﬁat of concrete if these materials were
considered separate and underwent a change in temperature. The two
components of the structural member are attached firmly to each other
by means of bond, shear connectors, etc. Therefore, the steel and
concrete must deform together to produce compatible linear defotméfions'
across the section. This will give rise to internal stress in both
steel and concrete, the magnitude of which will depend on the amount
of steel used in conjunction with the concrete, Composite structures,
because of a high percentage of steel, are most seriously affected in
case of a temperature change.

In a simple span composite bridge of reinforced concrete
slab and steel beam a negative flexural effect will be produced across

the bridge with a decrease in temperature. This is opposite to the
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normal loading effect, With an increase in temperature the effect
will be similar to the normal loading effect, i.,e. a positive
curvature across the bridge. These effects, which are due to changes
in temperature, might be more significant when accompanied by a dif-
ference in temperature between the slab and the beam. Such a differ-
ence may occur due to a warming of the slab by the sun while the
girder is shaded, freezing rain or smow suddenly cooling the slab,
or a rapid increase or decrease in air temperature, which is quickly
reached in the steel beam, For unidirectionally extended structures,
such as multistoried buildings, tall towers or continuous composite
bridges, the above effects will be particularly severe.

The different components of concrete are cement, aggregate
and‘water. The characteristics énd amount of these components affect
the characteristics and physical properties of the resulting concrete.
In the analysis of deformation and stress of concrete structures under-

going temperature change, it is necessary to know the extent of varia-

tion of the properties (modulus of elasticity and coefficient of thermal"

expansion) of the concrete with temperature.

OBJECT

Deformation characteristics of reinforced concrete slab
sections under steady state temperature conditions (~100°F to +150°F)
were the principal objects of thié investigation., Both the experimental
investigation and the analytical study were undertaken, Specific

properties investigated were the coefficient of expansion of concrate



and reinforced concrete and dynamic modulus of elasticity of concrete
.under temperature change, The effects of arrangement and gmount of
reinforcement, the water-cement ratio of concrete, age and method of
curing on coefficient values and their interactions were investigated,
Also observed were the variations of modulus of elasticity with the
water-cement ratio of concrete, age and method of curing. Short-
tern steady sta;e conditions of temperature were applied with changes
affected by low temperature gradients,
One hundred and twenty-five slab specimens of 12 in, x 4 inm,

x3 in.~d1mensions and thirty-six prism specimens of 12 in, x 3 ;n.

x 3 in, dimensions were tested under temperatures between -100°F
(~73.5%) and +150°F (+65.5°C). The variables were method of curing
(dry and wet), amount (0% to 5Z) and position (symmetrical‘and un-
symmetrical) of the longitudinal steél-and the age of the specimens,
The dry-cured specimens - slabs, cylinders and prisms - were kept in
water (at 68°F to 70°F) for 7 days. Then they were taken out and
stored in the laboratory (temperature 68°F to 70°F; 65% to 75% RH)
until tested, The wet-cured specimens were kept in wéter (68 to 70°F)
until tested, |

The one hundred and twenty-five slab specimens and thirty-

six prism specimens were divided into eighteen series - nine (five
dry-cured and four wet-cured) series were symetrically reinforced and
nine unsymmetrically reinforced, Except the fifth dry series (which was
one year old) of both types of reinforéement, the d;y and we; series

were each tested at three different ages - 7, 28 and 84 days. Each
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serles, irrespective of age, was tested over the full range of test
temperatures, At each temperature increment thermai deformations and
the dynamic modulus of elasticity of concrete were computed,

From the equilibrium of forces, moments and compatibility of
strains, analytical expressions were developed for strains and thermal
coefficients of linear expansion, Analytical and experimental results
were compared, Curve-fitting and correlation programmes were used to

analyze the experimental data,

EARLIER INVESTIGATIONS:

The information on the thermal properties of concrete and
its aggregates is limited.

An early investigation of the themal expansion of aggregates
over the temperature range 35°F to 135%F vas carried out by Callan
(ref. 1), The coefficients of expansion of coarse aggregates varied
from 1.9 x 1075 in./in./°F (for limestone) to 5.4 x 107° in,/in./°F

(for quartzite). The fine aggregate mortars showed generally high

values with 4.4 x 10°¢ in,/in,/°F for limestone (min.) and 7.0 x 10°°

in./in./°F for siliceas (max.). The concrete combinations were tested
for durability., No attempt was made to find the coefficients of
expansion of the concrete combinations., The water-cement ratlos of
mortar and concrete specimens were kept constant at 0.49 and 0,51
respectively. They were cured for 7 days at 70°F and 1007 R.H.
Mitchell (ref. 2) reported tests on aggregates, neat cements

and concretes at temperatures ranging from 10°F to 70°F, The




aggregates were found to have varying coefficients of themal expansion
ranging from 1.1 x 10" ° in./in./°F to 9.5 x 10°® in,/in,/°F, The
themal expansions of limestone, sandstone and many other rocks were
significantly different for similar rocks from different sources., The
coefficients for limestone aggregates ranged from 1.2 to 6.5 x 1076
in./in./°F. The thermal coefficients of expansion of neat cement were
approximately the same for oven-dried (= =6.4 x 10°° in,/in./°F for
sample No. A59) and vacuum-saturated (= =7 x 1076 in, /in./°F for A59)
specimens but were considerably higher at intermediate moisture contents
(< = 11.6 x 10 © in,/in,/°F for A59), In the range of 80 to 907 satura-
tion the coefficient increased as much as 100%., There was much less
variation in concrete., The coefficient of expansion varied from 2,4 to
5.8 x 107° in,/in,/°F for concrete with controlled aggregate minerals.
The water-cement ratios varied between 0,21 to 0,35 for neat cement

and were constant at 0.45 and 0,51 for mortar and concrete specimens
respectively.

Saemann and Washa (ref. 3) conducted tests on the variations
with temperature (-70°F to 450°F) of mortar and concrete properties
(moisture content, compressive strength, tensile strength, transverse
strength, stiffness, toughness and coefficient of thermal expansion).
Two mortars and three concretes (w/e 0,48, 0,81 and 0.84) were used
in the investigation, The mortar and concrete specimens were moist-
cured at normal room temperature for 14 days, stored in air at 70°F
and 502 RH for 13 days and then held at test temperature for 24 hours
before test. The thermal coefficients of expansion for mortars varied

from 5.3 x 107° in,/in./°F (w/c 0,84) to 5.8 x 1078 in, /in./°F (w/c 0.48)



and those of concrete varied between 3,9 x 10°° {n. /in./°F and 4.4 x 10°¢
in. /in./°F (w/c 0.48), The other properties generally increased with
the decrease of temperature.

Tokuda and Ito (ref. 4) published results of experimental nork
on thetmel diffusivity, conductivity and coefficients of expansion of
concretes. The effects of mix-quantity of aggregates on the properties
were the object of the investigation. The coefficients of expansion of
concretes (w/c 0,42 constant; age 28 days) varied from 8. 5% 10 ¢ cm./
m./°C (4,45 x 1078 1n./in /°F) for an aggregate contenﬁ*of 0.8 to
12 x 10°% cm. /em./°C (6,66 x 10 "6 {n,/in./°F) for an aggregate content
of 0.4, GCraywacke rock type aggregates were used,

Dettling (ref. 5) in 1964 published a compilation of the

contents of various investigations on coefficients of expansion of
concretes and aggregates. He also conducted tests on the variations

of the coefficients of expansion due to the different chenical composi-
tion of cements and aggregates. The thermal coefficients of the
aggregates varied widely. The coefficients of expansion of limestone
and quartz aggteganes were 5 x 107° cm./em,/°C and 12 x 10°¢ cm./cn./°c
respectively. The tests were limited to plain concrete and aggregates.

Monfore and Lentz_(ref. 6) feported an investigation of
compressive strengths, splitting strengths, modulus of elasticity and
thermal contractions of three sand and gravel concretes (cement content
574 1bs./yd. ) at various temperatures from 75'F to -250°F, They noted
that the moisture present in the concrete influenced the above properties,

The modulus of elasticity of moist concrete (cement content 317 lbs./yd 3..

* by Absolute Volume (m3)




curing: 28 days in fog + 63 days sealed) increased from 5.5 x 10° psi,

~at 75°F to 8.5 x 10° psi. at -250°F, The air-cured concrete (cement
content 517-1b§s/yd.3; curing: 28 days in fog + 40 days sealed + 80 |
days at 50% RH) increased from 5.0 x 108 psi. at 75°F to 5.4 x 10° psi.
at =250°F, But the dry concrete (cement content 517 1bs/yd.3;curing:
28 days in fog + 94 days sealed + 35 days at 50% RH + 10 days at 105°C)
did not show any change (E = 4.3 x 10° psi.) over the temperature range.
Similarly, the measured thermal contractions over the temperature range
were 1,420 x 10°° in./in, (= = 4.4 x 10°° in./in. J°F), 1,280 x 10°°
in,/in, (< = 3,94 x 107 in./in./°F)' and 1,240 x 10°° in./in, (==
3,80 x 10°° in./in./%¥) for the moist, air-cured and dry concrete

respectively.

Cran (ref. 7) was the first investigator who attempted to
find experimentally the effects of reinforcement on bridge deck slabs
under temperature change. Plain and reinforced concrete slabs were
subjected to temperatures varying from -30°F to 75°F, He found that,
while the compressive strength of concrete (2,400 psi, to 4,800 psi.)-
and percentage of steel reinforcenent. (0% to 57) increased significant-
ly, the coefficient of expansion of the reinforced concrete increased
only modestly (6% to 9%), The modulus of elasticity increased by 27
(2 year old) to 17% (14 days air-cured),

Berwanger (ref. 8) presented theoretical expressions for
strain and deformation of reinforced concrete slabs, His experimental
investigation was based on cran's (ref, 7) test data, He reported that |

the modulus of elasticity of concrete increased sharply below freezing




temperatures, The rates of change in the modulus of elasticity of
concrete (w/c 0.57; age 55 days) at above and below freezing points
vere 0.00016 x 10° and 0,00739 x 10° psi,/°F respectively, The rate

of change below the freezing point decreased with age (0.0161 x 10°
psi./OF at 42 days; 0,002 x 10° psi./OF at 761 days). The coefficient
of expansion of the concrete was greater for a smaller water-cement
ratdo (== 5,49 x 10°° .in.lin.I°F for w/c 0.57; = = 4,94 x 10 °

in, /in./°F for w/c 0,75). He concluded that, due to random variations
in the test results, further testing would be required to establish the
relationship more fully.

Cruz (ref. 9) subjected concrete made with 4 types of aggregates
to elevated temperatures in order to determine the moduli of elasticity
and shear, All tests wére carried out at the age of 28 days and two

‘ranges (4,000-4,500 psi. and 6,000-6,500 psi.) of design compressive
strengths were considered, The test temperatures were 75°F, 300°F,
600"F, 900°F and 1,200°F respectively., The moduli ' of elasticity of
concrete decreased with the increase iﬁ temperature, The modulus of
the concrete (4,060-6,500 psi.) made from Elgin gand and crushed lime-
stone decreased from 5,35 X 10~ in./in./°F at 75°F to 2,07 x 10°°
in./in./'F at 1,200°F,

Berdichevskii and Svirdov (ref, 10) reported tests on rein-
forced concrete members at low temperatures (20°C to-50"C; 68°F to
-589F), Properties investigated consisted of cube strength, bending
strength, bond failure and static modulus of elastigity. The modulus

of elasticity of the concrete (w/e 0,40 constant) increased from



404 x 10° kg, fem,? (5.74 x 10° psi.) at 20°C (68°F) to 474 x 10° kg, /en.
(6,73 x 10° psi,) at =50°C (~58"F), | |
Moskvin, Kapkin and Anatov (ref, 11) reported tests on con-
crete (w/c 0,43 constant) between temperatures of -10°C (14 °F) and
-60°C (-76°F), He investigated concrete strength and the modulus of
elasticity of concrete. He reported the influence of the satutation*
of vater in the character changes of the specimens, The saturation
of water depended upon the degree ofvtemperature. :The modulus of
elasticity decreased with temperature in general,  Samples with 6,5%
to 8% water {ncreased by 33% at -30°C (-22°F) and 417 at -50°C (-58°F).
Hansen and Erickson (ref. 12) presented resﬁlts of an eiperi-“
mental investigation of the heating effects on the deflection of neat
cement and mortar beams under load between 20°C. (68°F) and 70% A.
(158°F) . The modulus of elasticity decreased from 3,37 x 105 ké./cm.z'
(4.8 x 106 psi.) at 20°C (68F) to 2,81 x 10° kg./em.? (4.0 x 10° |
psi.) at 70°%C (158°F). They concluded that a rapid increase in temp-
erature permanently reduced the modulus of elasticity of cement mortar,
indicating an intérnal deterioration of the material structure.
Berwanger (ref. 13) réported an analysis of the strains
measured during the lowering of the bridge suéerstructure. A parallel
shift in the strains occurred due'to the thermal strains produced
by temperature changes. The coefficient of expaﬁsion of concrete
vas assumed to be 4,9 x 10°° in, /in, /°F.
gamelson and Tor (ref. 14) reported an inv;stigation of under-

ground reinforced concrete cylindrical tanks containing liquids, the

% yater content in % by weight
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temperatures of which varied from 50°F to 500°F as a function of time.
Their effort was concentrated on stress under both straight line and
transient temperature gradients, They assumed values of Ec (3x10°¢
psi.) and = (5.5 x 107% in,/in./°F).

Fintel and Khan (ref, 15) recommended a design temperature
for exposed concrete members. A graphical method was. presented for
a rapid and accurate determination of isotherms, gradients and average
temperatures, The effects of bowing and length changes of partially
exposed columns were discussed, The design values of ﬁoafficients of
linear expansion, thermal conductivity and heat capacity of concrete
were assumed,

Sadana and Verma (ref. 16) presented a method of analysis of
reinforced concrete frames, taking into consideration the uniform
temperature changes in the beams comprising a frame, Deformation
properties of concrete were assumed (% = 6.5 X 1076 in,/in,/°F) and
emphasis was given on the stress analysis.

The early investigations (ref. 1, 2, 3) genefally dealt Vith
the coefficient of expansion of aggregates. The normal assumption made
was that the concrete resulting would have the same coefficient of
expansion as its aggregate. Mitchell (ref. 2) showed that this
assumption was in error. Further efforts (ref, 4, 5) were made to
determine the influence of the amount and composition of aggregates

on the coefficient of expansion of concrete.




Monfore and Lentz (ref. 6) reported the effect of moisture on
both the coefficient of expansion and the modulus of elasticity of
concrete, Their findings were similar to those of Mitchell (ref. 2).

Later investigators (ref, 7, 8) extended the investigation
to include the effect of the reinforcing steel on the coefficient of
expansion of concrete at low temperatures. Due to random variations
in test results Berwanger (ref, 8) suggested further testing,

Various investigations were reported on the variations of
the modulus of elasticity of concrete (ref. 6-11) and cement mortar
(ref, 12) with temperature.‘ Most investigators (ref. 6, 7, 9-11)
considered variation of the modulus of elasticity with the strength of
the concrete, Berwanger (ref. 8) reported the effect of the water-
cement ratio on the modulus of elasticity of concrete.

In the theoretical investigatioms (ref, 14-16) of thermal
deformation and stress analysis, values of the coefficient of expan-
sion and modulus of elasticity of concrete were often assumed.

In the test series reported here investigations of the coef-
ficieﬁt of thermal expansion of plain and reinforced concrete and the
modulus of elasticity of plain concrete were undertaken, The test
temperatures varied from -100°F to +150°F. Other variables were the
vater-cement ratio (0,434 to 0,708), age (7, 28 and 84 days), method
of curing (vater and air-cured), amount (0% to 5%) of longitudinal
steel and arrangement (synmetrical and unsymmetrical) of the

reinforcing bars.

11
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1.4 IMPORTANCE OF STUDY:

The stabilization of the concrete structure both thermally and
volumetrically is of prime importance, The extensive use of concrete
in various structures under temperature extremes especially warrants
a knowledge of the temperature effects on the concretes used in con-
junction with steel. For the purpose of design, analysis and predicfion
of behaviour of all structures from the building of lightweight concrete
in which insulation is a major factor to-large massive structures in
vhich artificial temperature control is employed, the true thermal deforma-
tion of the reinforced concrete should be known. Many multistoried
buildings have exposed columns subjected to seasonal temperatuie varia-
tion, The exposed exterior columns change in length relative to the
interior columns, which remain uﬁchanged in a controlled environment,
Similar consideration must be given in accurately analyzing for temp-
erature effects other exposed structures, such as continuous composite
steel-concrete bridges.

While a few attempts have been made to find the generai effects
of temperature change on the physical and deformation properties of con-
crete, very little information is available as to the effects of the
different variables (water-cement ratio, age, curing process and steel
reinforcement) on such properties. An undertaking of a well-planned
and detailed study to establish the trends of change of these properties
in a more predictable form is sorely needed. This would facilitate
the obtaining of significantly precise values of the properties for the

purpose of design and analysis of structures under temperature change,
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In most investigations of thermal stress problems assumed values of
the coefficient of expansion and the modulus of elasticity of concrete
were used, Therefore, they lack true deformation and consequently
true stress consideration,

An attempt was made in this thesis to derive analytical
expressions for strains and coefficients of expansion of reinforced
concrete under temperature change. Experimental investigations of the
coefficient of expansion and the modulus of elasticity were made. A
number of factors may influence these properties - the temperature
range, water-cement ratio, age, type of aggregate and the method of
curing, Additional factors which may effect the coefficient of expan~
sion of reinforced concrete slabs are the amount and position of the
reinforcing steel. The influence of all of these variables, except type

of aggregate, were studied in this investigation.
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NOTATION:
Symbols are defined where they first appear in the thesis,

In this section the symbols are arranged for convenient reference,

AC = area of concrete section
As = area of steel reinforcement
b = width of specimen

€)C1sCy = distances from the centroid of the section

d ‘= distance of steel centroid from opposite face
of section

D = 0.1035 L/bt for prism (dynamic-E)

e = eccentricity

E = Young's modulus of elasticity

E, = Young's modulus of elasticity of concrete

Ecd’Ecs = dynanic and static modulus of elasticity of
concrete respectively

ER = longitudinal resonance modulus of elasticity

E = Young's modulus of elasticity of‘ steel

14



T,T,, T,

W

w/c

compressive strength of concrete for 6 in. x 12 in,

cylinders

forces developed

moment of inertia of the concrete section of the
slabs

length of specimen

fundamental longitudinal frequency
depth of specimens

temperatures in Op

weight of prism specimen
water-cement ratio of concrete

location of the centroid of the concrete section

referenced .to the gross slab centroid

thermal coefficient of expansion

coefficient of expansion of concrete
coefficients of expansion of symmetrically and
unsymmetrically reinforced concrete

coefficient of expansion of steel

change of,

strains in concrete

strains in steel

NOTE: sub 'l' = Face 1

sub '2' = Face 2

In the case of unsymmetrically reinforced slabs, steel reinforce-

ments are placed nearer Face 1.
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CHAPTER 2

THEORY

2,1 TEMPERATURE-MODULUS OF ELASTICITY RELATIONSHIP:

Berwanger (ref. 8) pointed out that, as the temperature of
a solid decreases, the material shrinks and the particles are subjected
to stronger cohesive forces, A given.external load causes a smaller
strain at low than at high temperatures; that is, the material has a
higher modulus ;: the low temperatures, This is illustrated in the
variations of Young's modulus of elasticity with temperature (fig. 4.33)
for steel (ref. 32), The slope is 0.00316.x 10® psi/'F. Therefore it
is expected that concrete undergoing temperature changes will show
similar effects. The modulus of elasticity of concrete will increase
with decreasing temperature, Other 1nvestigators (ref. 7, 9, 10, 11) -
reported similar behaviour.

There are further complications in the case of concrete due -
to free and absorbed moisture present, From their experiments with
concretes oftvarious moisture contents, Monfore and Lentz (ref, 6)
found that, while all moist comcrete increased somewhat in elastic
modulus, concrete that had beeﬁ oven-dried and sealed against moisture
absorption during testing showed a constant concrete modulus over a
wide range of temperatures (75°F to -250°F or 23°C to -157°C), The
increase in the concrete nodulus is directly related to the moisture
present in the concrete, with the saturated concrete having the largest
increase (50%). |

The amount of moisture available depends epon the water-cement

ratio of the concrete, age and curing. With a lower water-cement ratio,
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increasing age and dry curing, the available moisture content will
decrease, Thus it is expected that concrete with a high water-cement
ratio will have a greater change in modulus of elasticity, Similarly,
concrete of the same water-cement ratio at a greater age will have a

smaller rate of change in modulus of elasticity.

TEMPERATURE-COEFFICIENT OF EXPANSION RELATIONSHIP:

Mitchell (ref. 2) found that there were significantly higher
coefficients of expansion for the concrete (min, 3.2 x 10°° in,/in,/°F
for limestone) as compared to the aggregates (min, 2.0 x 10 ® in,/in,/'F
for limestone) used in the concrete, The difference appeared to be
directly related to the moisture content of the specimens.

Verbeck and Kleiger (réf. 17) and Berwanger (ref, 8) reported
that a linear relationship existed between temperature and concrete
strains down to the freezing point of water, Below this freezing point
the strains were found to be smaller,

As the temperature of concrete is decreased below 32°F, ﬁhe
amount of water which is frozen progressively increases. There are two
opposing effects at these temperatures; ice that has been formed contracts
with further cooling but the additional ice formed during this further
cooling causes further expansion.

1, Effect of Water Content:

The amount of water freezing at a particular instant depends

upon the total amount of moisture available. This again is dependent

on any one or all of the following criteria:
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(a) Water-Cement Ratio:

Verbeck and Kleiger (vef. 17) reported an increase in the
vater frozen with an increase in the water-cement ratio, The concrete
with a higher water-cement ratio will have more water available to be
frozen at any time than a concrete with a lower water-cement ratio when
both the concretes have been cast at the same time and have undergone
similar curing processes.

(b) Age:

As the hydration process continues, more and more water is
used up in the chemical reaction. Therefore, the amount of available
water which may freeze at sub-freezing temperatures decreases with time,
with the curing process remaining unaltered. |

(¢) Type of Curing:
The amount of moisture present in the concrete will depend

on the curing conditions. Specimens of the same concrete cured in

dry air and in water mll have different amounts ‘of ava:.lable moisture._ o

- .—v‘u

Since the coefflcients of expansion of concrete vary with’ moisture -
content (ref, 2), the curing process will have a definite influence
on the coefficient of expansion of the concrete,

2, Effect of Reinforcement:

The coefficient of expansion of reinforcing steel (cc = 6,5 %
107 1n./in,/°F between 45°F and 200°F; ref., 18) is greater than that
of concrete («C =4,25 x 10°¢ in. /in./'F for water-cement rat:;io = 0,41
and age = 200 days; ref. 8). For a reinforced concrete slab undergoing

temperature change, the unrestrained strain and deformation produced in
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steel will be considerably greater than those of concrete, These
deformations become altered satisfying the compatibility condition of
linear deformations, Consequently, the strain and coefficient of
expansion of concrete will be affected. The extent of this effect
will depend upon the arrangement and amount of reinforcement (equations

11, 12, 21, 23 and 24),

BASIC ASSUMPTIONS:

The following are the basic assumptions used by the author
to develop the analytical expressions for coefficients of expansion,
strains and deformations in reinforced concrete sections subjected to
themal ambient change.

(a) Concrete Strain Distribution: The Bernoulli-Navier
hypothesis of plane section remaining plane after bending has been
extended to the sections under thermal ambient change.

(b) Stress—Strain_Relationship of_Copcrete: Since the
effect of temperature change over the range ﬁroduceS'small deformétions, .
a linear stress-strain relationship of concrete is assumed,

(¢) Bond between Concrete and Reinforcing Steel: It is assumed
that there was no slip between concrete and reinforcing steel as the
stresses and strains are low (ref. 27).

(d) The coefficient of expansion of steel is taken normally
to be higher than that of plain concrete. This is in fair agreement

with the findings of previous investigations (ref, 8).




(e) It is assumed that concrete behaves as a homogeneous

mass under low stress,

20

(f) The curvature produced under temperature changes in sec-

tions with unsymmetrical reinforcing steel is neglected as small, con-
sidering the small gauge length,
(g) Short-term steady state conditions of temperatures have

been considered,

2,4 DEVELOPMENT OF ANALYTICAL EXPRESSIONS FOR LINEAR EXPANSION OF
REINFORCED CONCRETE:

(a) Symmetrically Reinforced:

The slab in fig, 2.1 is subjected to a temperature increase,
If the concrete and the steel were both allowed to expand independently
of each other, the temperature change would produce a change in length

in the concrete:

‘ ALC = “C . (Tf - Ti) . Li = cc' AT 4 Li L “ " .0 ..,(l_)
and in steel:
ALS =“S . (Tf - Ti) . Li =mS . AT . Li .o-n.n(z)

Where Ti’ T, = inital and final temperature in OF

f

Li = jipitial length of slab in inches

« , « = coefficient of expansion of concrete and steel in
¢’ s
in, /in. /°F

x >« therefore, AL > AL
S c



For compatibility of linear deformations of the slab, equal

and opposite forces Fc (in concrete) and Fs (in steel) will be produced.

The deformations produced are:

in concrete:

Li . €c= ALRC-N‘C 100100(3)

and in steel:

Li . €S= ALS- ALRC o-u---(lﬁ)
Where €. €, = unit strains in concrete and steel respectively
and ALRC , the deformation of reinforced slab

is given by:

s .
ALRC= «RCA ATuLi ooon--(s)

Where GSRC = coefficient of ekpansion of ‘'symmetrically -

reinforced concrete in in,/in,/%F

Therefore from equations (3) and (4):

ALRC= Li.€C+ALC=ALS~Li' Es lloolo(6)
Considering small deformations
in concrete:
L .e ="' veren (D)
Lt AR
c ¢

21



in steel:

175 A .E vreren(8)

Where F =F =T for equilibrium

E , E =modulus of elasticity of concrete and steel

respectively in psi,

Substituting in equation (6):

F.Li F‘Li
ALRC=«C,AT,L1+A—.-—E—=«S. AT . Li—m—..@)
c ¢ s s

and rearranging:

AT o (= =) L
S [4 : N .
or F‘——-‘ T ; T ~ L eeess(10)
[AS.ES A ECJ :

[4

From equations (5) and (9) substituting values of F and

dividing by AT . Li:

R . L TET e SEOPR 6§ )

=net area of concrete and steel respectively in in.2

22
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and the unit deformation of the slab is:

(¢ =) ct-ccc)

s
- As . ES aso(lZ)
L4
¢

Ec’ Es, =, and «, are temperature dependent,

€.,= Al .|

RC

(b) Unsymmetrically Reinforced:

The analysis of deformation behaviour and the derivation of
analytical expressions of unsymmetrically reinforced slabs follow
procedures similar to those of the symmetrically reinforced slabs.
Slabs with reinforcement in a single layer are considered (fig. 2.2).

The unrestrained temperature defommation of the concrete

is:
ALcrﬂrc. AT Li
and of steel:
ALS=;rS. AT Li
ALs > ALc since @ >

For compatibility of deformation, interaction of the two

slab materials will produce slab deformation in the steel:

u : . - i
AL RC ==ALS - Li v By =X AT Li A RN ¢ )

Where F is the force developed in steel, This force will

transfer an equal but opposite force in concrete which is eccentric




to the centroid of the concrete section.
The location of the centroid of the concrete section can be

determined, Taking moment about the gross slab centroid (fig. 2.2):
(bt -A)  F=A . (-5
s s 2

Therefore:
t
(d-3)

y=As.m» vevees(14)

Where As = grea of reinforcing steel in tension in :I.n.2

= ywidth of section in in,

-

t = total depth of slab in in.

d = effective depth of reinforced concrete slab in in.

;r = location of the centroid of the concrete section
referenced to the gross slab centroid,

- Therefore, the eccentricity of the force acting on: concrete .section is:

e=(d-5+7) s

tofer

The concrete section properties are:

Area: Ac = (b.t - As)

and moment of inertia:

3 2 9

b.t =
I, (12 +bt .y -As.e) | ceees(16)

24



Therefore the slab deformation at steel centroid is:
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" F.lL F.Li.ez
g~ Mot oLy = o by AT T
¢’ e
=« L  AM4+F.L S e’ (17)
cli‘ .iA.E E'E [ E NN NN
c' ¢ ¢’ ¢ ‘
From equations (13) and (17):
F.L
U i
Moo =%+ MLy =TT
s " s
2
me L AM4F, L, [t gt (18)
(S *“i]lA L E E .E Peesee
c Y
Dividing by Li and rearranging: -
2
1 e 1 1__
F[A.E*E.1+A.EJ“(°‘5'°‘c)'AT
e” ¢ ¢" ¢ s8'’s
(c: _cc).AT ) R
or . F - l S cel 1 sese ..(19)
[A.E+E.I+A.E] ‘
_ c"c ©¢'c 's'’s

This value of F can be substituted back into equation (18).
The generalized expression for deformation of the unsym-

metrically reinforced concrete slab can be shown to be:

u 1 e, C
ALRC“"c‘Li'M’LF'Li{AC.Ec*E .Ic]

C
= a 1, AT + («S -e) . AT Ll . 1 ; e.c
N 1 . o~ l']Ac.EC E, .+ I,
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RN ¢11))

BRI ' s < 1
A LE "E .I 'R .E]
c c c c s s
Where ¢ = distance from the neutral axis,
Since:
u
oo e
RC AT Li
Therefore:
1 e , C
. = “c)'[Ac.E +EC.IC]
KRC=°:C+ 1 + e2 . l .-....(21)
A .E E .1 A .E
c c c s
Where muRC = coefficient of expansion of unsymmetrically
reinforced concrete slab;
and the strain expressions become:
for steel:
u . F ‘
8 C:SQAT"A .E
s
(°=s - “c) . AT
=°‘S . AT = R 0 1 A 22 ) 1 veeens(22).
s® " s|]A .E "E ,I A E
c c c Cc S S
and for the concrete slab:
at face 1 (near the steel reinforcement);
1 .
(= =) p ot
8 ¢’ Ac . Ec Ec . I
Euc = AT « 4 1 e2 1 = ......(23)
1 [A.E+E.I+A.E]
Cc [ C Cc s
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where c, =

[
N fer
-+
«1

at face 2 (away from the steel reinforcement):

conees(24) .

where c, =

)
rofer
]
<1

2.5 SCOPE OF ANALYTICAL EXPRESSIONS:

The analytical expressions (equations 12, 23 and 24) developed
in this chapter enable accurate computations of stéain and deformatidn
of reinforced concrete structural members, Apart from the geometry
of the section, the temperature range and the length of the structure,
the factors which affect the computation are the coefficient of expan-

- sion and the modulus of elasticity of‘concrete and steel bar, Ihese

'properties of concrete are influencéd by the type of aggfegété ﬁggd,
water-cement ratio, method of curing and age. By carefully controlling
these factors the properties (Ec and mc) of concrete can be varied to
keep the strains and deformations of the structures within specified
limits,

From the analytical expressions (equations 12, 23 and 24),
it is quite evident that the amount and arrangement of the reinforcing
steel influence significantly the strain of the slab. The strain in-

creases with the percentage of steel. Tor unsymmetrically reinforced

\
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slabs the strains produced at the face near the steel bars are consider-
ably high, The amount and arrangement of steel reinforcement can be
controlled to keep the strain and consequently the deformation of the
structure within specified limits.

Many investigators (ref, 14-16) used assumed values of the
coefficient of expansion of plain and reinforced concrete, Thereforé,
their studies lack true deformation énd consequently true stress con-
sideration, For future investigation of thermal stress problems, use-
ful values of the coefficient of thermal expansion of reinforced con-
crete can be obtained by using the analytical expressions (equations

11 and 21) in this thesis,
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CHAPTER 3

MATERIALS, FABRICATION AND TESTING

3.1 MATﬁRIALS
(1) Cement:

ASTM designated (ASTM C 150-71) 'Type-1' portland cement
(commercial brand - 'Lake Onfario') was used for all slab specimens,
control cylinders and prism specimens. a
(ii) Fine and éoarse Aggregates:

Ihe fine*and coars:*aggregates used were produced locally and
satisfied the ASTM épecifications (ASTM C 33-71), The aggregates had - |
been sieved and stored in different bins according to size (sieve.size
ASTM C 33-71), ’The petrographic aﬁalyéis of the aggregates, which wvas
done af the University of Qttawa, Geology Department, is presented
inltable 3.1,

Both fine and coarse aggregates had been proportioned (according

vto ASTM c 33-71 specifications) to give the best concrete mix. The
sampllng percentages of fine and coarse aggregates are given in table :' |
3,2, For fine aggregates the fineness modulus is 2,7, The aggregates

had been sieved and recombined in the laboratory in proportions (fig., 3.1)
g0 as to fall in the middle of the ASTM limit (C 33-71) (ref, 22), The
maximum size of coarse aggregates used was # in,, as dictated by the |
size of the test specimens and clearance requirement of the reinforcing
bars.,

(1ii1) Concrete Mixes:

The concrete mixes were designed and chosen to represent

% gilica sand
*% gravel (limestone)
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the normal range of mixes used in the construction field, A total of
six different concrete mixes was used. The water-cement ratio of the
mixes varied from 0,434 to 0,708 with designed 28-day strength vary-
ing from 3,000 ﬁsi. to 7,000 psi. Table 3,3 and fig. 3.2 shéw the
characteristics of the mixes, The mixes were designed in consultation
with tﬁe Portland-Cement Association Engineering Bulletin (ref; 23).
(iv) Reinforcing Steel:

‘Ihe reinforcing steel used was U.S.S, deformed steel‘wire
for concrete reinforcement conforming to the ASTM standard specifica-
tions for ASTM designate A 496-64 (ref, 24), Eight different sizes

- of wires were used for reinforcing (table 3.4).

3,2 METHODS OF FABRICATION:

(1) Types of Specimens:
(a) Slab Specimens: A total of one hundred and twenty-fiﬁe

12 10, x 4 in. x 3 in. slab specimens were made for experimental
investigations of deformations, The slabs had Qarying amounts (0%
to 52) of reinforcement and were made from concrete using different
(0,434 to 0.708) water-cement ratios. They were divided into a total
of eighteen groups - seventeen groups of seven each and one group of
six. 'Nine of these elghteen groups were symmetrically reinforced.
The rest were unsymmetrically reinforced, Out of each of these nine
groups (both symmetrical and unsymmetricall four'ﬁere wet-cured and
five were dry-cured. The amount of longitudinal reinforcement in the
slabs of each group varied from 0% to 5% (table 3.9). T#ble 3.6 shows

the designation and characteristics of the différent series. Table 3.7

gives the actual number of specimens representing the different variables.

.
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An investigation was carried out on both wet and dry-cured
- specimens and for both symmetric and unsymmetric reinforcements, The
length of the specimens was fixed at 12 in,, which enabled the use of
a gauge length of 10 in, The 3 in. x 4 in., cross-section allowed for
the varying of the steel percentage from 07 to 57 in steps of 17.

(b) Prism Specimens: Along with each series two prism specimens
of 12 in, x 3 in. x 3 in, were also cast, They fitted the special
bénehes prepared specifically to measure the dynamic-E using an SCI-5
machine (plate 3,1). A total of thirty-six prisms was cast.

(ii) Reinforcing, Casting and Curing:

Moulds (plate 3.2) had been specifically designed to be used
for 12 in. x 4 in. x 3 in. or 12 in, x 4 in, x 4 in. slab specimens,
The end plates of the moulds had small grooves to hold the reinforcing
bars during casting., After imserting the reinforcing bars in these '

grooves, they were held in the centre of the grooves by tiny styrofoam

" pads, Each mould was used to cast two specimens at a timg,' Twp_series;~m- q;kﬂ

-tﬁe wet and drj of idenfical:reinfdrcement,,wére castffrém the ‘sané
batch of concrete,
A special mould was also prepared for the 12 im, x 3 in,
x 3 in, prism specimens. Four prism specimens, two for each series
(vet and dry), were cast at the same time along with the slab specimens,
All casting was done in the material behaviour laboratory of
the Civil Engineering Department at the University of Ottawa. The
casting was done in the shade under normal temperature (68°F) and

humidity (65% to 75% RH). The whole process of casting took
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approximately 50-60 minutes. The mixing of the concrete was done by

~using a 3,6 cu, ft, capacity mixer (EIRICH model, type EA~2), capable
of 10 to 11 revolutions per minute. All aggregates had been well
nixed dry in the mixer, the exact amount of water added and mixing
had continued for approximately 2 to 3 minutes., All moulds had been
well cleaned and oiled before the casting, The reinforcing bars were
kept away from the oil, The three thermocouples (plate 3.3) in each
gseries were inserted in the slab specimens with 0%, 2% and 57 steel.
All the specimens were cast in a horizontal position to avoid dif-
ferential quality of concrete along the length of the specimens.
During caeting the concrete was consolidated by means of an electrically~
driven pencil vibrator (plate 3.4).

Two series, one wet and one dry, i.e. a total of fourteen
slab specimens and four prism specimens, were cast.in one day, Along
with the specimens five control cylinders (6 in. by 12 in,) were cast

,.:for each series.~
R After the. casting was completed the top surface;of the slab
'and prism specimens and control cylinders were finished with wooden
and steel trowels (plate 3.5).

Immediately after the completion of casting and finishing,
the specimens and cylinders were covered Vith wet burlap and stored in
the laboratory for approximately 16 hours. The moulds were then removed.
All specimens and cylinders were marked as to.the reinforcement type
and percentage, curing type specified and date of casting, ;Both the

series (slab and prism specimens and cylinders) were kept immersed in
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..water at temperatures of 68" - 70°F for 7 days, After that the dry
series was taken out and kept on a rack inside the laboratory at
room temperature., The wet series was kept in the water except during
testing time,

The laboratory temperature varied between 68°F to 72°F

and the relative humidity varied between 65% to 75%.

3.3 EQUIPMENT:
(1) Temperature Measuring Devices:

A Honeywell potentiometer was used to make temperature
measurements with the thermocouples. Model number 2736 reads temper-
ature directly from -100°F to +200°F (accuracy iO.SoF). For better
accuracy model 2736 was equipped with a Honeywell.Guarded Null Detector
model 3970, Plate 3,6 shows the potentiometer. Temperatures read

, ’-by the potentiometer were checked by the temperatures recorded by a ‘

. thermometer placed inside and from those indicated by the recorder =
panel of the Honeywell Control (plate 3.7) mounted on the environ—
mental chamber, Table 4.1 shows the typical temperature data taken
in the course of testing.

(11) Environmental Chamber:

For the purpose of testing the specimens a specially designed
Controlled Environmental Chamber (plate 3.8) was used, It was manu-
factured by the Webber Manufacturing Company (model 43.5, -100 +200).

A description of the functioning of the chamber is given below.




The chamber operates through input controllers (Honeywell

..model 15201316-01-01~2-239-024-00-168 with a range of -100°F to +200°F;
plate 3,7), motor-driven cycling devices which modulate the cooling
and heating capacities, They can be set to select the percentage of a
30-second cycle, during which time the cooling and heating phases are
energized. The refrigeration system consists of a high stage and a low
stage system which are equipped with discharge pressure switches, The
low stage system has a reverse ading pressure control, This switch
functions as a control for the high stage unit and is actuated by the
discharge pressure of the lower unit. A fan circulates air within
the chamber to avoid stratification and to maintain accuracy of
temperature.

(iii) Electrodynamic Material Tester:
An SCT-5 type Electrodynamic Material Tester, manufactured
by M. Falk & Co., England, was used to determine the dynamic modulus .

. of elasticity of concrete from prism-specimens, Shown in plate 3.1,
the SCT-S is a convenient laboratory instrument for measuring the 3 :
resonant frequency of regularly shaped materials., It is composed of
an accurately calibrated oscillator which is coupled to a vibrator
for excitation of the specimen, and an amplifier feeding a meter which
measures voltage proportional to amplitude from the crystal pick-up in
contact with the vibrating specimen, When determining the modulus of
elasticity of the prism, vibrations of various frequencies are trans-
mitted to the prism by turning the oscillator dial, The frequency which

causes a maximum deflection on the amplitude meter is the resonant or

34
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natural frequency. This meter reading is converted into its corres-
- ponding frequency by means of a chart supplied by the manufacturers
(ref, 25). The dynamic modulus of the concrete prism can be readily
obtained according to the ASTM Designation C 215-60 (ref, 22).

The longitudinal resonance modulus of elasticity may be

calculated as follows:

E, = Dil(n" )2

Where:

ER = longitudinal resonance modulus of elasticity (psi)

W =weight of specimen in 1b.

n' = fundamental longitudinal frequency in cps.
L N 2 .
D =0,1035 ot for prism in sec”/sq. in.

L = length of specimen in in,

- b,t = dimensions of cross-section of priém in in,

(iv) Cylinder Testing Machine:

A cylinder testing machine (Forny - QC-150-DR) was used for
compression and deformation tests of the control cylinders. This
apparatus is an electrically operated hydraulic press-type testing
machine, Loads are applied by the pressure developed within the
hydraulic cylinder. The machine has a capacity of 300,000 1bs. with
a minimum gradation of 50 1bs, The testing of a typical cylinder is

shown in plate 3.9,
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(v) Strain Measuring Devices:

(a) Optical Extensometer: Along the centre line of the slab
specimens, deformation measurements were taken at both faces, Con-
sidering the 4 in, width of the specimens, it was decided to put ome
pair of cross hairs in each face, The different equipment used for
measuring deformations of the specimens is shown in fig. 3.3, A
description of the various components is given below,

A special optical extensometer (plate 3,10) was used to
measure strain on the face of the specimens. The particular type used
was an SPL Extensometer, manufactured by Gaertner Scientific Corporation,

The extensometer is designed for precision measurement along
a vertical line, It consists of two microscopes mounted on an invar
bar, which, because of its low coefficient of thermal expansion, retains
accuracy of measurement during wide rarges of temperature. The micro-
scopes are capable of travelling on the invar bar independent of each
other through a separation of 2 im, to 12 in, Avfine'motiqp cont;oliA
“één move bdth-fﬁe microscoééé simultaneouély tﬁfough a ope"indh range
of vertical trﬁvel. fhe 50X microscopes are equipped with éalibrated
filar micrometer eyepieces capable of measuring to 0.000002 inches. A
16 in, relay bar system is used to extend the mechanical working
distance of the scopes to approximately 15.5 in,

This assembly is rigidly mounted on a 4 in, x 6 in; range
coordinate motion carriage, which has divided'drums to coptrol its
movement. One division of the divided drums of the carriagé equals

0.00L in. carriage travel., The longitudinal motion travel is 6 in.,
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vhile the transverse motion is 3 in, The carriage travels on a

- meehanite cast precision lathe bed type optical bench through a
horizontal range of 7,5 ft, Two optical bench assemblies were placed,
one on each side of the chamber, to avoid the transferring and re-
levelling of the bench from one side to another,

Advance wires of 0,001 in, in diameter were used to mark the
targets on both faces of the slab specimens, The sizes of the wires
for targets were chosen in accordance with the lowest count of the
microscopes, which was 0,000002 in,

The positions for the targets were marked on the specimens.
The markings and approximately a one inch square area around them were
properly cleaned and a coat of white Gage Kote #1 (made by Wm, T. Beans
Inc., Detroit, Michigan; temperature range: -320°F to +850"F) was then
painted over the area to increase the visibility and thereby facilitate
the focusing of the microscopes on the targets. When the paint dried,
the targets were temporarily fixed oveflthe.markings on the specihéps
'jby means of"clotﬁ taﬁés; Finally they‘weré"%irmly fixed}iﬁ piééé using. if “
Armstrong A-2 adhesive with Activator type A and the cloth tape was
then removed, This particular type of adhesive was found to be excel-
lent during temperature changes and kept the targets in position over
the test temperature range.

(b) Transducers: In addition to the optical extensometer, dis-
placement transducers (model 7CDI-100 by Hewlett Packard) were used
to measure deformations on two specimens in each series, mainly the

two without any reinforcement.
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A DCDT consists of a coil éssemgly and a core (plate 3,11).
The coil assembly is comprised of a differential transformer coil, a
DC-excited solid state oscillator and a phase-sensitive demodulator,
When the core is displaced linearly along the axis of the bore of
the coll assembly, a voltage charge proportional to displacement occurs
in the output; actually, the oscillator converts the DC inmput to AC,
which excites the primary winding, whereas the actual core position fixes
the amount of voltage induced in secondary windings., Each 6£ the two
secondary circuits contains a secondary winding, a full wéve‘bridge
and an RC filter, -.These sec;ndary circuits are connected‘inkseries S0
that the resultant output is a DC voltage proportional to the core
displacement from the electrical centre;
~ The input of the DCDT's consisted of, in series, a DC power
supply ﬁnit (Harrison 6204B; table 3.8), mercuty pots as the switching
panel and a variable differential transformer. The DCDT's were connected |
through a switching unit (BLH model 220), voltage to frequency converter
(model 2212 A) aﬁd finally a frequency counter (model 5212 A), A
gchematic diagram of deformation neasurement using DCDT's is shown in
fig, 3.4. Pl#te 3,12 shows the input and output devices for the DCDI's,
(c¢) Error Check: To check the errors in the optical exteﬁsoﬁeter
readings due to frequent handliné and moving, two specimens (plate 3,13)
made from aluminium plates of known characteristics (table 3,9) were
used, The DCDT's, as well as targets for the extensometer, were mounted
on the aluminium specimens to measure deformation, Therefore, at every
stage of testing any discrepancy from the known value could easily'be

detected and accordingly corrected in the slab specimen readings.
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3.4 TEST PROCEDURES:

The two identically reinforced dry and wet series cast from
the same concrete (same water-cement ratio) were tested together,
Approximately 20 hours prior to the test time the wet specimens (slabs,
prism and cylinders) were taken out of the water and air-dried in the
laboratory (temperature 68° - 70°F; 65 - 757 RH). During this time
specimens (both wet and dry) were prepared for testing purposes,

Two specially made racks were placed inside the environ-
mental chamber (plate 3.14). Each rack had four shelves, Two SCI-5
sonic testing benches were placed on the two top shelves, The third
shelf was made up of a steel plate on which were marked the positions
for the slab specimens and the aluminium specimens, When placed in

position, the specimen faces were within focusing range of the micro-

R 2 R S N L L N RN

scopes mounted on both sides on the coordinate motion carriage resting
on the optical bench, The fourth and lowest shelf was used to hold )
the cylinders during testing.

(i) Slab Specimens:

Before the specimens were put in the chamber they were pre-
pared for testing, First, the two central verticai axes on the two
faces were marked, The positions of the targets were marked one inch
away from each end, and the distance between was checked by a 10 in,
long invar scale pointer. On one face the positions of the aluminium
blocks for the DCDT's were marked longitudinally 2 in. on each side
from the centre, giving a gauge length of 4 in, This gauge length

was used for the purpose of keeping free the line of vision of the
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extensometer focusing on the two targets on the same face., After mark-
ing, the targets and the DCDI's were positioned and fixed in place by
Armstrong A-2 adhesive, The specimens were then transferred to the
environmental chamber and placed in their previously marked positions
on the steel shelf., They were supported underneath by means of very
thin metal sheets to make the specimen faces perpendicular to the

line of vision of the extensometer, The thermocouple wires and the
DCDT's were connected and the lead wires were brought out of the
chamber and connected with the appropriate reading instruments,

(ii1) Prism Specimens:

For each series of seven slab specimens two prism specimens
were cast to determine the dynamic modulus of elasticity. The prisms
were 3 in, x 3 in., x 12 in, in dimension. First, the central point
of the two ends and a centrally located transverse strip of 1 in. were
marked on the prisms; then their individual weights were recorded, Each
specimen was mounted on a sonic bengh in such a mahner that it was
centred on the bridge and that both the transmitter and receiver of
‘sonic waves were lightly but constantly touching the central points
of the two ends. The SCT-5 electrodynamic material tester apparatus
was kept outside the environmental chamber, while the benches were
kept inside. This permitted the determination of dynamic modulus values
at the various temperatures (-100°F to +150°F) without disturbing the
inside conditions of the chamber. The leads from the benches were
then taken out of the chamber through a small hole and connected with

the electrodynameter,



Once all adjustments were made and all electrical and sonic
connections were checked, the chamber was sealed and the testing begun.
A set of initial readings were taken at room temperature, Then the
chamber was put into operation, The temperature set pointer was moved
to give the desired increments of temperature, and the percentage of
cooling and heating was regulated. When the indicator showed that the
chamber had reached the desired temperature, the heating and cooling
percentage was again regulated and the temperature inside the speci-
mens was checked from time to time until the temperature inside the
chamber and inside the specimens was constant, Then another increment
of temperature was applied and the process contiﬂued for thé whole test
range of temperature, At each steady state (15°F interval), deforma-
tion, resonant frequency and temperature readings were taken,

(iii) Control Cylinders:

Along with seven slab and two prism specimens, five control
cylinders were also cast for each series in order to determing»the'
ultimate concrete strength and éhe static modﬁlus of eia;ticity at
the test ages (7, 28 and 84 days). All cylinders were subjected to
deformation tests. Before testing the cylindersvwere capped with a
standard sulphur compound, TFor the deformation tests a special steel
frame with gauges of 9 in, in length was mounted on the cylinder. The
cylinder was put on the loading table and properly centred. This was
done by placing a small load on the cylinder and noting the deformation
of the two gauges. Once properly positioned, each cylinder was loaded
up to 65,000 lbs, in increments of 5,000 1bs. and the deformation of the

two gauges was recorded at each increment. The load was then brought
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down to zero at 5,000 1b, intervals and similar deformation readings
were taken, Then the gauges were dismounted and the cylinder was
loaded to failure, recording the ultimate load. Data from sonic tests
and deformation and compression tests were the input into computer
programmes to calculate the dynamic and static modulii of elasticity

of concrete,
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CHAPTER 4

PRESENTATION OF TEST RESULTS

The test results obtained from the experimental investigations
and analytical work are presented in this chapter in concise form, In
view of the volume of data involved, it was not considered necessary
to record here each reading taken; instead, important data are supplied
in the form of tables, graphs and photographic plates, Tyéical test

results are shown in tables 4,1 to 4.6,

STRESS-STRAIN RELATIONSHIP OF CONCRETE:
(i) Static Tests:

For each series of seven slab specimens and two prism specimens,
five 12 in, x 6 in. concrete cylinders were cast, cured and subjected‘
to the same conditions of temperature as those of the test specimens
themselves, At each age two deformation and compression tests were
carried out on the concrete cylinders, From the load deformation read- -
ings the initial tangent modulus of elasticity, Ec’ was computed by means
of a computer programme (prog. B - appendix D). This programme fitted
the experimental points to a straight line by the least square mgthod.
The stress-strain curves were plotted in graphical form in figures 4.1
to 4,17, The ultimate cylinder strengths, f'c, wvere calculated from
the ultimate loads attained in the compression tests. Table 4.7 gives
a typical calculation of static compression-deformation tests.
(1) Dynamic Tests:

The two 12 in. x 3 in, x 3 in, concrete prisms of each series,
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which were cast, cured and subjected to the same temperature conditions
as those of the test series, were tested by the resonance method to
determine the dynamic modulus of elasticity of concrete, Readings were
taken at room temperature and at each of the various steady state temp-
eratures to which the series was subjected.

The comparative results of the initial tangent modulus of
elasticity, the dynamic modulus of elasticity at room temperature and
the modulus of elasticity, as obtained by using Ingé-Lyse's equation
Ec = 1800 + 460 f'c, are all entered in tabular form, along with the
ultimate concrete strengths, f'c, in tables 4.8 to 4,13,

The sonic test results over the temperature range were anal-
yzed by means of a computer programme (prog. C of appendix D), which
converted the frequency readingé into the dynamic modulus values and
fitted by the least square method a two-part first-degree curve to
the temperature-dynamic E plots. Table 4.14 shows the typical dynamic
modulus values calculated from sonic resonance regdings. Fig. 4.18

shows a typical plot of dynamic modulus values against temperature,

TEST SPECIMENS:

One hundred and twenty-five slab specimens in eighteen series
were tested under various (-100°F to +150°F) steady state temperature
levels, The dimensions of all of the test specimens were the same,
whereas six different steel percentages (07 to 5%) with both symmetric
and unsymmetric arrangements were considered, Six different concrete

mixes, representing a wide ramge of concrete mix designs, were used.
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Finally, two distinct processes of curing - dry and wet - were con-
sidered. Fig. 3.1 and table 3.3 show the different mixes used, The
variable characteristics, such as curing process, age, type of rein-
forcement, etc,, are reported in table 3.5,

At each steady state temperature during testing, the deforma-
tions on both.sides of the specimens, as indicated by the optical exten-
someter, the deformations indicated by tfansducers fixed on the control
specimens, the extensometer and transducer readings on control aluminium
blocks, and the temperatures indicated by eight thermocouples inside
the chamber and inside the specimens at both the beginning aﬁd end of
the intervals were recorded (tables 4;1 to 4,6)., The temperature inter-
val between éach steady state level was apbroximately 15°F, All these
daga were processed with the help of several computer prograrmes, a

detailed description of which is given in the following section. }

COMPUTER PROGRAMMES . . : oo « » "i
(i) Programme A: | :
Because of the large number of data involved, this programme
was written simply to obtain a print out of all the data punched along
with differences of temperature and deformation readings at each incre-

ment of temperature to detect any error in punching or recording.

After all the data were checked thoroughly they were processed with the

help of the following computer programmes.

(1i) Programme B:

This was used to process the data of the static-E test,
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After the load and deformation readings were converted into stress and
strain, the experimental points were fitted to a straight line, from
which slope the initial tangent modulus of elasticity for concrete,
Ec’ was calculated. The cylinder strengths were calculated from the
ultimate loads, Table 4.7 gives a typical example of the calculation
of static-E by computer,
(iii) ‘Programme C:

The experimental data cf the sonic tests were processed with
the help of this programme, It was executed in the following steps:

1, From the input values of the weights and cross-sectional

dimensions of the specimens and frequency readings taken at each temp-

erature, the values of the dynamic modulus of élasticity were calculated,

2, A two-part first-dégree polynomial curve fit subroutine o
fitted the calculated values above and below the freezing point of
water, ' |

3., The point of intersection of these two fitted curves

determining the approximate freezing temperature of the specimen was

calculated, Table 4.14 gives a typical analysis of sonic resonance | : i
readings by computer. : | é
(iv) Programme D:
This programme was devised to analyze the theraal deformation
readings of the slab specimens, It has two parts:
(a) The input consisted of deformation and temperature readings

of both specimens and control specimens, aluminium blocks, boards, etc,




From the known deformation values of controlling elements, experimental
errors were back calculated and consequently the deformation data of
the slabs in the experiment were corrected.

(b) Once the data were corrected, they were ready to be analyzed
in the following steps:

1, The deformation readings were converted into specimen
lengths at each temperature level.

2. The specimen lengths over the temperature range were
fitted by a polynomial curve fit subroutine in two parts, both above
and below the freezing point, Slopes and intercepts of the fitted
curves were found, |

3, The standard deviation, the estimate of error (Syx) and
the coefficient of correlation (%) for the fitted curves were found,
Corrected values of the estimate of error and the coefficient of
correlation were found for small data groups,

4, An elaborate plot programme plotted thélfitted curve to

gscale,

5, The experimental points were superimposed on the fitted

curve plots,

6, Steps 1 through 5 were repeated for the readings on

each face of each specimen,

7. The coefficient of thermal expansion of each specimen

at each face was printed out in tabular form,

Tables 4.15-4.16 and figs. 4.19 to 4.32 show the typical

output of programme D,
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(v) Programme E:

The purpose of this programme was to predict the variations
of the thermal deformation of concrete for d%fferent percentages of
steel reinforcement. The input consisted of the coefficient of expan~
sion of plain concrete, sectional properties of the slabs, the modulus
of elasticity of concrete (from dynamic tests) and the modulus of
elasticity (fig. 4.33) and the coefficient of steel (ref. 18), The
calculation was done in the following steps:

1, The location of the neutral axis was determined from
the sectional properties of the section,

2, Independent changes in length of concrete and steel were
calculated,

3. The compatibility of deformation and equilibrium of forces
were considered. The force developed in steel and concrete was deter-
mined, The resulting deformations of both concrete and steel were
found, The coefficlents of thermal expansion of .the reinforced comcrete
weré found for different percentages of steel.

4, The temperature level, the force developed and the coef-
ficient of thermal expansion of reinforced concrete at each tempera-
ture level were printed out in tabular vorm, Table 4,17 shows a typical
output of programme E.

The flow sheets of the major programmes and printouts of

important subroutines are given in appendix D,
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CHAPTER 5

DISCUSSION

5.1 COMPRESSION-DEFORMATION RELATIONSHIP:

With the exception of the one year old series (E and N),
each series was tested at three different ages., The stress~strain
diagrams (figs. 4.1 to 4,17) were obtained from the compresssion-
deformation tests on 12 in, x 6 in, concrete cylinders at room temp-
erature, Each curve is an average of two specimens, For each series
a general increase in the static modulus of elasticity was observed
(tables 4.8 to 4.13) over the age, This trend is fairly regular and
is reported in most text books (ref, 26) and relevant papers.

(i) Static-E - Dynamic-E Relationship:

The static modulus of élasticity values were compared with
the experimental values of the dynamic modulus of elasticity obtained
at room temperature and with Ingé-Lyse's equation of Ec = 1800 + 460 f'c
(tables 4,8 to 4.13). Rasul (ref, 27) reported a similar comparison.

The trends in the intérrelétionship of the different ﬁodes of'finding -
the modulus of e}asticity are similar in the two investigétions. |

An effort was made to study the effect of the characteristics

of concrete on the modulus of elasticity at room temperature, In figs.

5.1 to 5.5 the modulus of elasticity is plotted against the water-
cement ratio for different ages (7, 28 and 84 days dry and wet). The ;
experimental curves at each age for the dynamic-E and static-E tests

and for the values computed by Ingé-Lyse's equation are all presented

on one figure, The bottom curve represents the ratio Ed/Ec at each




point, During the first 7 days the curing was the same for both‘the
dry and wet series. Fig, 5.1 represents both 7 day wet and dry series,

Tables 4.8 to 4,13 and figs, 5.1 to 5.5 show good correla~
tion in the value of the modulus of elasticity with an increase in the
water-cement ratio. Noble (ref. 28) as early as 1931 reported such a
trend,

The ratio of Ed/Ec varied between 0,975 to 1,20, the 7 day
old series having higher ratios. The specimens at greater ages had
lover Ed/Ec ratios. It should be pointed out that the actual no-load
static~E values are somewhat higher than those reported. A straight
line was fitted by the least square method to the experimentally
obtained points, The slope of this fitted line was smaller than the
initial tangent modulus obtained'from the actual stress-strain curve,
Therefore, the actual Ed/Ec ratios are lower than those reported.
investigations by Cran (ref. 7) and Whitehurst (ref. 29) show a
rglationship of the Ed/Ec ratios similar to that which is reported
in this thesis. Malhotra (ref, 305 suggeéted the investigaﬁion 6f
frequencies within 157 of fundamental frequency to determine the
dynamic modulus of elasticity by the sonic resonant method,

The influence of free moisture on the dynamic modulus of
elasticity at the time of testing is shown in figs. 5.6 and 5,7. If
the concrete was wet-cured, the modulus of elasticity increased with
age (fig. 5.6) and, if the concrete was allowed to dry, the modulus

of elasticity decreased with age (fig. 5.7). These findings are
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very similar to those which Malhotra (ref. 30) and Kesler and Hiéuchi
(ref, 31) have reported,
(i1) Temperature-Modulus Elasticity Relationship:

The variation of the dynamic modulus of elasticity over the
temperature range (-100°F to +150°F) was plotted (fig, 4.18) for a
prism specimen, First-degree curves were fitted in parts to the ex-
perimentally obtained points by means of the least square method, The
slope of the fitted lines gives the rate of change of the modulus of
elasticity of concrete both below and above the freezing point of i

water. It is apparent that the modulus of elasticity changes at a

greater rate below the freezing point than above.

Tables 5.1 to 5.6 and Figs., 5.8 to 5.9 show the variation
of the slopes of the modulus of elasticity. In figs. 5,8 and 5.9
the slopes above and below freezing points are plotted against the

water-cement ratio, A linear variation can easily be observed from

these two graphs, At a given age the rate of change is higher for

concrete mixes of higher water-cement ratios. This trend was observed

for both above and below the freezing point and is in agreement. with

the theory presented.

In order to study the effects of age and the curing process
on the behaviour of modulus of elasticity changes, the slope values
were plotted against age. Fig. 5.10 shows the curves representing the i
changes in slopes for the dry-cured series with age. The below freez-
ing slopes decreased rapidly with age. The rate of change of the slopes b

became smaller at higher ages. The changes of the slopes above the |
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freezing point showed smaller changes, although decreasing steadiiy
with age. Monfore and Lentz (ref. 6), Berwanger (ref. 8) and Verbeck
and Kleiger (ref, 17) reported in their investigations that, for
laboratory-cured specimens, the sharp increase in the concrete modulus
below freezing was produced by the frozen water. With age, continued
hydration and evaporation will drastically reduce the amount of water
to be frozen., Obviously the reduction in the amount of water will
have.a greater effect on the change in the slopes below freezing.

Fig. 5.11 shows the curves representing the changes in the
slopes of the dynamic modulus of elasticity (Ed) values with age for the
wet-cured series, The behaviour of the wet-cured series below freez-
ing was similar to that of the dry-cured series, Quite logically the
change was not as pronounced as in the case of the wet-cured series,
vhen the reduction of available water to be frozen was not as great,

But above the freezing temperatures the wet-cured series showed very N
distinct behaviour from that of the dry-cured series. Instead of
decreasing, the sﬁecimenS'of different water-cement ratios showed a
slight increase with age. As the temperature of a solid (concréte5
increases, the material expands and the particles are subjected to a
weaker cohesive force. A given load causes a greater strain at high
than at low temperature, The presence of moisture in the solid will
also affect this phenomenon, With an increase in temperature the
density of water present will decrease and further reduce the stiff-
ness of the solid. At higher ages the increased amount of water

causes a faster decrease in stiffness with the result that the rate




of change of the modulus of elasticity at these ages increases to
some extent over that of the specimens of earlier ages., No previous
investigation was reported on the experimental investigation of
change of the modulus of elasticity of wet-cured specimené with
temperature at different ages.
(ii1) Temperature-Freezing of Concrete Relationship:

An attempt was made to establish a possible way of deter-
mining if there was any particular pattern followed by the freezing
of different mixes of concrete at different ages. For the prism
specimens, the variations of the dynamic modulus of elasticity were
presented in the form of figures (fig. 4.18), The fitted straight lines
showed different slopes below and above the freezing point of water.
Therefore, a clear and distinct intersecting point will be obtained if
the fitted straight lines are produced to intersect (ref, 8), Since
a sharp increase was noticeable in the modulus of elaéticity values
Qhen the available water in the specimen began to freeze, this point
of intersection was logically taken as the probable temperature when
the available moisture would start to freeze, The point of intersec-
tion of the fitted curves was calculated for each specimen of each
waﬁér—cement ratio at each age. The average for each water-cement
ratio at any given age was plotted, Fig. 5.12 shows the variation of
freezing temperatures with water-cement ratios, It shows that, when
age 1s constant, the greater the amount of water the sooner the speci-
mens will freeze. For the 7 day old specimens with a water-cement

ratio of 0,672 the freezing point was an average of 30,3°F, while the
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5.2

water in the 84 day old dry-cured specimens with a 0.445 water-
cement ratio froze at an average temperature of 14.6°F.

Fig. 5.13 shows the probable variations of freezing points
with age, With age all specimens froze at lower temperatures, showing
a trend of non-linear variation, The wet-cured specimens had a less
steep drop in the freezing point temperatures than the dry-cured
specimens, This confirmed the theory that at a given age freezing
temperatures are directly related to the amount of free water in the

specimen,

TEMPERATURE~-COEFFICIENT OF EXPANSION RELATIONSHIP:

Each of the seven specipens of each series was measured on
both sides to find the coefficient of expansion of that particular
slab over the whole temperature range. The data were processed by
a computer programme (prog. D - appendix D), Table 4,15 shows the
results obtained from one face of one specimen only. The graphical
plots were obtained through the use of a Milgo Plotter, iocated at
the computing centre of the University of Ottawa., For each series the
experimentally obtained points were superimposed on the curves, which
were fitted to them by means of the least square method (figs. 4,19
to 4.32). The results of fourteen tables (each one similar to table
4,15) for the whole series are summarized in table 4,16.

In the case of each specimen face, the standard deviation,
the estimate of error for dependent variables and the coefficient of

correlation were calculated for each fitted curve (table 4,15),
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These values indicated the goodness of fit and whether there was a
good correlation between experimental points and the fitted curves,
There vas an excellent correlation for all curve fits, The coef-
ficients of correlation varied from 0.8 to 0,97 for most curve fits
with occasional low values going down to approximately 0,75, Cor-
rection was made for coefficients of correlation and estimétes of
error values to account for the small group of data in the case of
each curve, The corrected values were slightly lower (0.79 to 0.95)
but still showed excellent correlation.

(i) Behaviour of Plain Concrete:

In each series the two plain concrete slab specimens served
both as a control and as a means to determine the coefficients of
thermal expansion of plain concréte. The experimental data were com-

_piled to report a definite trend in the variations of the coefficients
of plain concrete with the variables of age, water-cement ratio and
curing process, The results of the compilation are reported in table
5.7 and figures 5.14 to 5.17. The numefical Qalues of the‘coéfficient
of expansion compare favourably with Mitchell's findings (ref. 2);. In
this investigation the fine aggregates were predominantly composed of
quartz and the coarse aggregates of limestone (table 3.1).

Figs. 5.14 and 5.15 show the variations of the coefficients
of expansion with the water-cement ratios for above and below freez-
ing respectively. There are marked similarities among the curves of
the two figures, except that the curves for above the freezing point

have a greater change in slope. In both above and below the freezing




point, the curves show a decrease in the ;oefficient values with an
increase in the water-cement ratio,

Figs. 5.16 and 5,17 show the variations of the coefficients
of expansion of plain concrete with age for above and below freezing.
A set of nearly parallel curves for the dry series was obtained, as
well as another almost parallel set of curves for the wet series., The
curves of the wet-cured series are flatter than those of the dry-cured
series, indicating that the gain in the coefficient of expansion value
is smaller for wet-cured specimens than for dry-cured specimens, When
dry-cured, the coefficient of expansion of concrete with a watex-
cement ratio of 0.445 increased from 4.60 x 107° in./in,/°F (above
freezing) at 7 days to 4,96 x 10~% in./in./°F (above freezing) at
84 days, whereas, when wet-cured, the coefficient value of the specimen
increased only to 4,85 x 10~% in./in./°F (above freezing) at 84 days,
On the av;rage the dry-cured specimens had a 25 to 407 higher increase
in the coefficient values than that in the corresponding wet-cured
series, | ‘ | .
(11) Behaviour of Reinforced Concrete:

In each series six reinforcement percentages (07 to 5%)
were used, Both symmetrical and unsymmetrical reinforcements were
used, This enabled the covering of a wide variety of behaviour of
concrete coefficients with a number of variables, such as steel per-
centage, reinforcement type, water-cement ratio, age and curing
process, From the two plain concrete specimens the theoretical

values of the coefficient of expansion for reinforced concrete were
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calculated, Tables 5.8 to 5.23 show the theoretical and experimental
values of the coefficient of expansion of reinforced concrete for all
these variables, It is considered unnecessary to present all of the
results in figure form as well; instead, the figures are presented to
specifically outline the trends of the general behaviour of the
investigation,
Fig. 5.18 shows typical theoretical curves with the corres-~

ponding experimental points superimposed on them. The curves show a
substantial agreement between experimental and theoretical.investigations.
To obtain experimental values, slopes of fitted curves (figs, 4.19 to
4.32) were used, There was excellent correlation between the experi-
mental points and the fitted curves. Figs. 5.18 to 5.21 show variations
in the coefficient of expansion of reinforced concrete specimens with |
the percentage of steel, Fig, 5,18 shows the general trends of varia-
tion for the unsymmetrically reinforced slabs, Fig. 5.19 shows the

variations for symmetrical reinforceménts, while figs, 5,20 and 5.21
| show the variations due to the position of réinfordeﬁent’ig #he unsym- -
metrical series., In figs, 5.19.t6 5.21 the curves ére drawn with a
larger vertical scale. As predicted by the theoretical investigations
(equations 21 to 24), the coefficient of expansion of symmetrically |
reinforced concrete increased with the percentage of steel, For the
unsymmetrically reinforced concrete the coefficient of expansion for
the concrete face near the reinforcement increased significantly, while
that for the face away from the reinforcement decreased only slightly.
Figs. 5.22 and 5.23 show the relative changes of the coefficients of

expansion due to the different arrangements of reinforcement.




58

| The effect of the water-cement ratio on the coefficient
of expansion of reinforced concrete is very similar to that of plain
concrete, Figs., 5.19 to 5,21 show sets of non-linear curves, each
representing a particular water-cement ratio, It was apparent that,
with the same percentage of steel and the same age, a specimen of a
lower water-cement ratio will have a higher coefficient of expansion.
This trend remains relatively constant irrespective of the arrangement
of reinforcement and the curing method used. |

The effect of the curing process on the coefficient of -

expansion was investigated. Fig. 5.24 and tables 5.8 to 5,23
indicate a general trend that concrete specimens having the same’
water-cement ratio and the same age but cured differently will have
a different coefficient of expansion. The coefficients of expansion
of the wet-cured series are lower than those of the dry-cured series,
Fig. 5.24 shows identical variations for both above and below the

freezing point.

Fig. 5.25 attempts to show the effect of age on the coef-

ficient of expansion values. Curves for the same series (same water-

It

cement ratio and cured similarly) are plotted for different ages.

was apparent that, with age, specimens having the same arrangement and

percentage of reinforcement will have a greater coefficient of expan-

sion, This trend is identical for both above and below freezing.

Tables 5.8 to 5.23 confirm these results.,

Figs. 5.16 and 5.17 and 5.26 to 5.31 summarize the effect of

the different variables on the coefficients of expansion of plain and
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5.3 POSSIBLE ERRORS IN TEST AND ANALYSIS:

Both the theoretical and experimental investigations reported
in this thesis were subject to some inadvertent errors. Despite the
fact that every precaution was taken, the components of the variables
in testing could not be completely controlled and some of the assump-
tions maae for the analytical work may not be correct in their entirety,
The possible sources of error are indicated in the following discussion.

1, Two 12 in, x 6 in, control cylinders were used to measure
the static modulus of elasticity and the concrete strength, and two
12 in, x 3 in, x 3 in, prism specimens were used to determine the
dynamic quulus of elasticity for each series at each age, Althoﬁgh
the control cylinders and the prism specimens of each series were cast
from the same batch of concrete aﬁd cured under identical conditionms,
they showed some variations in the values of static-E, strength of
concrete and dynamic-E and, therefore, the average values of Ec’ f'c
and Ed had to be usgd. _ ‘ ,

2. Although the gauge 1ength‘(10 in,) -was deternined using
a special invar scale, it was found to vary up to #0,01563 in. Errors
up to 0.1567% may have been introduced while calculating experimental
values of the coefficient of expansion,

3, The positioning of the reinforcing bars might have dif-
fered from the intended position due to minor faults in the moulds and
casting,

4, For theoretical analysis the known values of Es (ref. 32)

and % (ref. 18) were used. Since structural steel varies slightly in




composition within the same AST%ldesignated type and grade, some minor
difgerences might have been intr;oduced as a result,

5. Three embedded thermocouples were used to measure the
temperature of a series dur:lng testing., Although the temperature in-
side the'envi;onmental chamber should have been constaﬁt, it vafied
slightly, The three thermocouples showed some variations (up to 1.5%F) in the .
temperature recorded and therefore the average value of the températuré
had to be used. |

6. Although the slab specimens wefe placed invposition for
testing with extreme.care, their faces méy not have been exactly per- |
pendicular to the line of view of the optical extensometer.

7. For the controlling aluminium specimens the deformations
and temperature were measured at the same instant to avoid any varia-
tion due tovcontinuous small changes of temperature in the chamber,

It is possible that some time had elapsed between the two measufements.

8. Continuous 24 hour experiments were conducted to main-
tain the test schedule, For this reason several perséns had to work
in shifts to set up the apparatus and specimens and take>the éxperi- _
mental readings. Thus some inadvertent errors might have occurred,

g, The apparatus used may have had ﬁinor mechanical or

{nstrument errors which would have affected the accuracy of the readings.
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CHAPTER 6

CONCLUSION

In view of the good agreement of the general trends of be- ;:
haviour from the experimental and the theoretical investigationms,
the following conclusions may be drawn:

(1) Elasticity of Modulus of Concrete at Room Temperature:

1. In general, the dynamic modulus of elasticity of con-
crete is higher than the static modulus of elasticity for the same
concrefe (figs. 5.1 to 5,5; tables 4,8 to 4.13).

2. The ratio Ed/Ec varies between 0,975 and 1.20, ‘At

higher ages the ratio tends to be lover.

3, A general trend shows that, when concrete is wet-cured,

the dynamic modulus of elasticity increases with age (fig. 5.6) and,

if the concrete is allowed to dry, the dynamic modulus of elasticity

P P SN PR,

decreases with age (fig. 5.7).

4, In general, for the same age, the modulus of elasticity

decreases with the increase of the water-cement ratio (figs, 5.1 to

5.5).

(ii) Temperature-Modulus of Elasticity Relationship:
5, The modulus of elasticity of concrete changes at a

greater rate below the freezing point than above (fig. 4.18).

6. At a given age the rate of change of the slopes of the

modulus of elasticity of concrete with temperature both below and

above freezing is greater with a higher water-cement ratio (figs. 5.8

and 5.9; tables 5.1 to 5.6).
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7. Below freezing the changes in the slopes of the modulus
“of elasticity for both the dry-cured and wet-cured concrete specimens
" are much more pronounced than those above freezing (figs. 5.10-5.11),

8., The below‘ffeezing changes in slope of dynamic-Ekwith
age for the wet-cured concrete specimens are somewh#t less pronounced
than those for the dry-cured concrete specimens.'

9, The above freezing changes in slope of the modulus 6f
elasticity with age for the wet-cured concrete specimens increase,
while those for the dry-cured concrete specimens decrease (figé. 5.10
and 5.11), -

(1i1) Freeéing Temperature iﬁ Concrete Slabs:

10, The greater the amount of water in‘concrete,_thg higher
temperature it will freeze (f£ig. 5.12). At any given age concrete with
a higher water-cement ratio freezes sooner.

11, With age, tﬁe freezing point drops’for all concrete,
the wet-cured specimens showing a lower drop than the_dryfcured (fig.
5.13), |
(iv) Temperature-Coefficignt of Expansion Relationship:

12, The coefficient of expansion of plain concrete both
below and above freezing decreases with an increase in the water-

cement ratio, the above freezing changes being greater (figs,5.14

and 5,15),

13. In general, the coefficients of expansion of plain
concrete both below and above the freezing point increase with age,
The gains in the coefficient values for the dry series are about 257

to 407 higher than those for the wet series (figs. 5.16 and 5.17).
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14, The coefficients of expansion of symmetrically reinforced
concrete increase with the increase in percentage of steel reinforcement
(fig., 5.19). For unsymmetrically reinforced concrete the coefficient
of expansion for the concrete face near the reinforcement increases
significantly with the increase in percentage of steel, while that for
the concrete face away from the reinforcement decreases slightly (figs.
5,20 and 5.21),

15, With the same percentage of steel reinforcement, the co-
efficlent value is higher for the concrete face near the reinforcement
of an unsymmetrically reinforced slab than that of a symmetricglly rein-
forced slab. The coefficient value for the concrete face away from the
reinforcement is lower than that of the symmetrically reinforced slab
(figs. 5.22 and 5.23).

16, With the same percentage of steel and at the same age, a

reinforcad concrete with a lower water-cement ratio has a higher coef-

ficient of expansion both below and above freezing (figs. 5.19 to 5,21).

17, At any agelthé wet-cured‘reinforced.éoﬁcreté.épeéimenév-
of a given water-cement ratio have lower coefficienfs of éxpansion than
those of the dry-cured specimens (fig. 5.24), both above and below
freezing,

18, With age, reinforced concrete slabs of the same water-
cement ratio and having undergone the same curing process and hgving
the same arrangement and percentage of reinforcement will have a

greater coefficient of expansion both below and above freezing (fig.

5.25 and tables 5.8 to 5.23).
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SUGGESTIONS FOR FUTURE RESEARCH:

In light of the experimental and analytical work completed,
some suggestions for future investigations may be made..

The analytical expressions developed were verified by a limited
number of experimental data, Hence, further experimental work in this
direction‘with an increased range of all the variables, such as temp-
erature, percentage of steel, water-cement ratio and age, would be
quite advantageous, In the present study,énly a particular type of
aggregate was used, The fine aggregates were mainl& quartz and the
gravel mainly limestone, Different types of aggregates and their
combinations should be tried to establish a complete behavioural.
pattern for the entire range of field work.

Different types of curing to represent actual field condi-

tions at construction work sites throughout Canada should also be

considered,

>
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. Coefficient of expansion in 10 ¢ in./in./°F

FIG, 5.17:
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FIG. 5.27: BELOW FREEZING COEFFICIENTS OF THERMAL
' EXPANSION OF SYMMETRICALLY REINFORCED
CONCRETE SLAB
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- OF UNSYMMETRICALLY REINFORCED CONCRETE

SLAB (FACE NEAR STEEL)
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TABLE 3.1: PETROGRAPHIC ANALYSIS OF AGGREGATES USED IN CONCRETE
MINERAL CONTENT (%) IN THE AGGREGAIES
‘ COARSE AGG. SILICA SAND '
MINERALS an v 38" 4 | #8 #16  #30 . #50  #100
Quartz 2.0 1.7 80 9,0 [16,3 16,0 24.0 45,00 71.20
Carbonate
(Calcite) 60,0 65.0 75.0 55,0 |35.0 40,0 30,0 31,00 8,00
Amphibole '
(Hornblende) trace 0,4 trace trace [trace trace 1,5 2,00 2,00
Garnet - - - 0.5 - - - 0.86 1,75
Magnetite - - - - - - - 0,70 2.62
Pyroxene(Augite,
Diopside,
Hyperstine) trace - 1.0 0.5 |32 1.0 3,5 -096 0.40 :
Feldspar ‘ ig
(K-feldspar, : ,
Plagioclase) 34,0 29.5 12,0 31,5 {360 35.0 35.0 3.61 8,00 '
Mica (Biotite, b
Muscovite, : A -
Phlogopite) 40 3.5 1.5 15|50 3.0 05 1,37 trace
Rock fragments
(Schist,granite,
Syenite,
Quartzite) - - - - 3,0 1.5 3.5 3,61  6.60
Accessory
Minerals trace trace 2.0 1.0 [ 0.5 3.5 L3 0.50 0.10
) () () (W) [(+5)  (x6) (T () (%)
%1: Amphibole, pyroxene, iron oxides
#%2; Tron oxides, sphene, sulphides

%3: Tron oxides, apatite, tourmaline, amphibole

%4: Chlorite, iron oxide, amphibole
%5: Hornblende, amphibole

%6: Hormblende, diopside, amphibole
%7: Cordierite, apatite, magnetite
%8: Apatite, pyrite ’

%9: Mica, apatite, pyrite
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TABLE 3.2: GRADING OF COARSE AND FINE AGGREGATES
Sieve % Passing % Retained % Retained % Proportion
Size by Weight by Cumulative on each Sieve used by
Weight by Weight Weight
FINE AGGREGATE

" No. & 1100 -0 0 -0

No, 8 90 10 10 10

No, 16 70 30 20 20
No, 30 - 44 56 26 30 ..

No, 50 20 80 . 24 25
No. 100 6 94 14 15 -

270 94 100

FM, = 2.7
COARSE AGGREGATE

%n 95 5 5 5

%n 67 33 28 30

3/8" 27 63 30 30

No. & 5 95 32 »

No. 8. 0 100 0 0
95 100
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TABLE 3,4: PROPERIIES OF REINFORCING BARS

Designation Diameter Area
No. (in.) (sq.in,)
D-3 0.195 | 0,03
D-4 0.225 0,04
D-5.2 0,257 0,052
D-7.2 0.303 | 0.072
D-8.5 | 0.329 0.085 -
D-11 0.374 0,110
D-15 0.437 0,150

D-20 0.504 ' 0,200

[ R 2 2

Tensile strength min, psi, == 85,000

. Vield strength min, psi, = = 75,000
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TABLE 3.5: VARIATION OF LONGITUDINAL REINFORCEMENT

IN THE SLAB SPECIMENS

SPECIMEN  CURING ARRAggEmT ZEg;,GN REINFORCEMENT ~ Area o?CTU‘;:Lof
NO. TYPE REINFORCEMENT  STEEL PROVIDED ?;ﬁ?%) Steel

~g:g g;z Symmetric 0 0 0
g:gg 3:{ Symmetric 0 0 0
a:i 3:{ Symmetric 4D3 012 1
g:g gzz Symmetric 4D4+2D3 0,22 1.84
3:3 32{. Symetric 407.242D3 0.348 2.9
A Synmetric (D8,5+207,2 0,484 4,03
- oy symetric 4D114208.5 0,61 5,07
g:g 3:{ - Unsymméﬁrié 0 :p 0
g:gg gzz Unsthetrié 0 | 0 0
g:i g;z Unsymetric 2D4+1D3 0.11  0.92
gj ?éit’ Unsymmetric 208, 5+1D7.2 0.242 2,02
3:3 3:{ Unsymmetric 115+2D11 0.37  3.08
3:2 g:i Unsymetric 3D15 0.45 3.75
g:g 32 Unsymnetric 3020 0.60 5.0

Note: Steel bars used are deformed wire gauges (ASTM

A 4906),

P R P X 73
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TABLE 3.6: CHARACTERISTICS OF DIFFERENT SERIES

CURING
WATER- " ARRANGEMENT TEST :
SERIES  CEMENT OF AGE In Water 0ALT
RATIO  BEINFORCEMENT  (days) P 700 S8 72°F
65-757RH

ASD 0.672 Symetric  7,28,86  Dry 7 Until test !
ASD 0,577 Symmetric  7,28,84  Dry 7 Until test
ASD 0.487 Symmetric 7,28,84  Dry 7 Until test |
ASD 0,445 Symmetric 7, 84 Dry 7 Until test ;
ASW 0.672 Symmetric  7,28,84  Wet . Until test - l
ASW 0.577 Symmetric 7,28,84  Wet  Until test - !
ASW 0,487 Symmetric 7,28,84  Wet  Until test - :
AsW 0.445 Symmetric 7, 84 Wet  Until test - |
AUD 0.672 Unsymmetric 7,28,84 Dry 7 Until test

AUD 0,577 Unsymmetric  7,28,84  Dry 7 Until test r
AUD 0.487 Unsymetric  7,28,84  Dry 7 Until test : ‘
AUD 0.445 Unsymmetric 7, 84 Dry 7 Until test ,

?
AUW 0,672 Unsymmetric  7,28,84  Wet  Until test - ; |
!

AUW 0.577 Unsymetric 7,28,84 Wet Until test - *i\
AUW 0.487 . Unsymmetric  7,28,84  Wet  Until test . - |
AUW 0.445 Unsymnetric 7, 84. .Wet = Until test . . -

N 0,708~  Unsymmetric - 3€3 Dry - 7 Until-test .

E 0.434 Symmetric 365 Dry 7 Until test

Note: In each series the steel percentage varied from 0 to 5.
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TABLE 3.7: FABRICATION PLANFOR SPECIMENS AND
CYLINDERS FOR DIFFERENT VARIABLES

. NUMBERS FABRICATED AND TESTED
VARIABLES Slab Specimens  Prism Specimens Cylinders
12" x 4" x 3" 12" x 3" x 3" 12" x 6"
7 day 112 32 16
AGE 28 day 112/84% 32/24% 32/24%
84 day 112 32 32
365 day 13 b 4
434 7 2 2
445 28 8 20
W/C RATIO 487 28 8 20
577 28 8 20
672 28 8 20
708 6 2 2
METHOD OF Wet 56 16 40
CURING Dry 69 20 14
Above :
TEMPERATURE  Freezing 125 36 -
RANGE Below
Freezing 125 36 -
ARRANGEMENT  Symmetrical 63 - -
oF S?EEL Unsymmetrical 62 - -
0 35 - -
1 18 - -
REINFORCEMENT 2 18 i )
PERCENTAGE 3 18 - -
4 18 - -
5 18 - -
TOTAL NO. CAST 125 36 84

% Actually tested differed from No. prepared

U Ty
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TABLE 3,9: PROPERTIES OF CONTROL ALUMINIUM PLATE

DIMENSION - # in, x 12 in. x 3 in,
COMMERCIAL IDENTITY - 6351-T6

MANUFACTURER - Alcan

COMPOSITION:
Elenments Percentage
Cu 0.1
Fe 0.5
Mg 0.4 to 0,80
Mn | 0.4 to 0.80
si 0.7 to 1.3
Pipenium ' 0.20
Other
elements 0.05
Aluminium fest

THERMAL PROPERTIES:
Conductivity (at 25°C) - 104,8 BTU

Coefficient of Expansion - 0.00001322 in./in,/°F

0,0000239 in,/in./%C:
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TABLE 4,2:

Series - AUD 0,445

Age - 84 days
LOAD CYLINDER NO. D4
IN L.OADING UNLOADING
KIPS , ,
Dial 1 Dial 2 Dial 1 Dial 2
0 0 0 40 5
5 35 20 75 40
10 70 45 120 73
15 105 75 160 108

20 140 105 195 140

135 232 172

25 170
30 205 165 268 203
35 20 195 300 235

4 275. 230 330 263
45 310 260 360 295
50 350 295 393 (325
55 383 R7 418 350
60 40 360 43 375
65 460 397 460 397
ULT, LOAD 197.5 KIPS

Dial

48

75
111
142
170
200
230
260
290
320
350
385

420

COMPRESSION AND DEFORMATION READINGS IN 107° 1IN,

Dry-Cured
Gauge Length = 9 in,

CYLINDER NO. D5

LOADING UNLOADING
1 Disl2 Diall Dial?2

0 20 20

20 65 40

3105 90

65 140 110

g7 15 142

127 190 175

160 237 207

187 20 242

220 300 270

255 35 302

295 355 340

330 _“':380 360

30 400 395

5 420 405
191.5 KIPS

152
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TABLE 4,3: DEFORMATION READINGS OF CONTROL
ELEMENTS BY TRANSDUCERS

Series - AUD 0,445 : Dry-Cured
Age - 84 days Gauge Length =4 in,
DEFORMATION READINGS
TEME%??TURE ALUM§g¥§§°§LOCK CONTROL SPECIMENS
AL-1 AL-2 D0 D-00  W-0  W-00
120 68420 76040 55850 66980 69000 57890
105 67816 75070 55514 66960 68541 58242 :
% 67458 75164 55748 67120 67961 58320
75 66626 74134 55639 67817 66990 58661
60 61201 74676 56335 6854 67674 50298 |
45 64827 72009 54647 67193 65470 57870
30 64371 TLI26 54267 67533 64639 58109
15 63473 70216 53718 67476 63940 58076
0 61591 68602 51974 66883 62493 57654
A5 50445 67928 50105 67330 61769 57778
~30 S578L 65931 46704 66958 - 60846 >57653“‘
-45 Sis56 G356 43362 65889 59484 56604
-60 45584 58000 38238 63363 56649 54125
_75 40495 53197 34127 61822 54082 51583
~90 35414 49071 28022 59573 51617 48559
-100 29321 45692 21920 56656 49800 45600
30 63233 71229 54250 67200 63500 55080
TRANSDUCER # 3 4 5 6 9 1
Range Reading - IV Gate Opening - 1 sec.

Vernier Reading - 5 Sensitivity - 0.1 volt
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TABLE 4.4: TEMPERATURE AND DEFORMATION READINGS
OF CONTROL ALUMINIUM BLOCK BY
OPTICAL EXTENSOMETER

Series - AUD 0,445 Dry-Cured
Age - 84 days Gauge Length = 10"
CONTROL BLOCK 1 CONTROL BLOCK 2
Temperature Temperature
at time of Deformation at time of Deformation
Reading Reading Reading Reading
°r in 0,002 in, °F in 0,002 in,
156.0 -2,45 155,2 -2,75
137.6 -1.50 138,4 -1,16
123.0 0.00 122.8 0,17
109.0 0.56 109.9 1,57
9.0 1,98 97.2 2,38
80.5 3.16 79.2 3,75
59.2 4,80 61.2 4,56
45,7 5.30 47.0 5.90
31.0 5. 71 33.5 5.93 i
15.8 6.91 . 17.0 7.27 . |
4.0 .78 3.0 o 8.02 |
-12.5 8.42 -13.0 - : 8.73 R
-28.0 9,54 2255 - 9.62 SR |
-45.2 10.44 ~-41.0 10.70
-62.9 11.07 -59.0 11.48
-79.0 11.81 -74.8 12.27
-90.2 12,65 -87.0 12,86
-105.0 13.45 -99.1 13,88

30.0 6,22 37.0 6,19
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TABLE 4.5: DEFORMATION READINGS OF CONCRETE
SLABS BY OPTLCAL EXTENSOMETER
Series - ASD 0,487 Dry-Cured
Age - 28 days Face 1 Gauge length = 10 in,
— ' EXTENSOMETER READING IN 2 x 1072 IN,
) D-0 D-00 D-1 D-2 D-3 D-4 D-5
153.6 653 -8.05 6.16 16,02 3.43 4,56 3,44
1347 -5,58  -7.48 6,83 16,99 WAl 5,38 4,39
118.8 -5.14  -6.82 7,21 17,45 4,88 6.01 5,09
103.9 -4,82  -1.07 7,60 17.78 5,22 5,98 5,30
87.5 5,28  -7.20 716 17.35 4,79 5,56 4.89
73.7 4,78 -6.76 7.66  17.85 5,31 6.10 5,40
59.3 <448 -6.2 797 18.17  5.66. 693 577
43.3 23,49 5.1 8.7 19.18 6.65 7,74 6.35
31,7 -3.53 4.9 8.94 19,15 6.63 7.64 6.56
12,1 22,70 4,62 9.87  20.26 7.02 7.68 - 6.78
L3 -2.07 21 1077 20096 7.7k 840 7.3
-12.8 -3.87 - -5.66 8.77 20,29 106 T3 . 6.59
-31.6 -2.50  ~4.26 10,30 20,25 7.03 7.71 7.11
47,1 22,14 =3.77 10,58 21,25 8,04 8.72 7.6
-59.6 22,22 ~h.02 1043 21.49 8.29 8,97 7.57
-75.0 -1.23  -3.03 11,75  21.84 8,64 9,33 8,04
~90.0 -1.56 3.8 11.77 22,22 9,03 9,73 9,06
~100.2 S146 =242 12,02 22,37 9,19 9,89 9,09

| 30,0 23,60 -5.39 0.1 20.56 7,33 8,00 6.86
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TABLE 4,6: SONIC RESONANCE TEST READINGS

Series - AUD 0.445 Age - 84 days Dry-Cured
SPECTMEN 1 SPECTMEN 2
TEMP, "~ Sonic Sonic
D Test Freqency Test Froquency
Reading Reading
75.0 1964.8 6222 1976.0 6334
154.3 1961.6 6191 19646 6222
138.3 1961,5 6190 19646 6222
128.5 1964,2 6217 1965,5 6229
109.,5 1965.5 6230 1966.5 6240
91,0 1964.5 6220 1969.5 6266
73.7 1966.0 6235 19680 6255
60,6 1967.0 6245 1969.0 6262
46.3 1968.0 6253 19708 6278
30.5 1970.0 6269 1970 .4 6274
26 1971.7 B A L I
-13.3 1976.7 6317 1975.3 ;7f,' 6323
-27.8 1976.5 6338 1977.6 6346
44,9 1980.0 637 1969.0 6364
-60.7 1980.5 6380 1981.0 6388
~76.0 1982,0 6398 1983.5 6415
-89.1 1985,0 6435 1983.0 6413
~100.2 1986.5 6453 1985.0 6434
3.1 1961.2 6237 1973.0 6297

WEIGHT 9,39 lbs. 9.43 lbs,
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TABLE 4,7: COMPRESSION DEFORMATION TEST RESULTS

Series - ASD 0,487 Dry-Cured -
Age - 28 days Symmetrical
TEST ONE TEST TWO
STRAIN  STRAIN
STRESS 10" 1IN, /IN, STRESS 10™* IN./IN,
KIPS/SQ.IN, KIPS/SQ. IN,

Actual Fitted Actual Fitted

0.0 0,0 0.0 0.0 0.0 0.0
0.177 0.3222 0.4222 0.177 0,3500 0.3996
0.354 0,6833 0.8444 0,354 0,7833 0.7991 |
0.531 1,0667 1,2667 0.531 1.2167 1,1987 :
0.707 1.4556 1,6889 - 0,707 1.6444 1,5982 i
0.884 1.8611 2,1111 0.884 2,0333 1,9978
1.061 2,2389 2,5333 1.061 2,4111 2,3974 |
1,238 2,5889 2,9556 1,238 2,7833 2,7969 l
1,415 2,9444 5.3778 1,415 - 3,1722 3.1965 i
1.592 3,333 3.8000 1,592 35610 3.5960 [
1,768 3.7944 4,2222 1‘768 ‘ 3.9722 .3,9956
1,945 5.8944  4.6444 1,945 - 4,3722 64,3952 |
2,122 4,6222 5.0667 2,122 4,8000 4,7947 i
2,299 5.0444  5.4889 2,299 5,222 5.1943
Fitted values of Modulus of Elasticity: Ultimate Concrete Stresses:
E, ~ 4188,29 kips/sq.in. f'Cl = 6,3662 kips/sq.in.
E ' == 4425,83 kips/sq.in, f'c = §.3308 kips/sq.in,

€2 2
Av. E_ =4307.06 kips/sq.in. v ' = 6,3485 kips/sq.in. ;
c
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TABLE 4.14: TYPICAL ANALYSIS OF SONIC
RESONANT TEST READINGS

Series - ASD 0,487 Age - 28 days

Specimen 1 Dry~Cured

- SONIC DYNAMIC-E

(°F) RESONANT Experimental Fitted
FREQUENCY (KSI) (KSI)

74.9 6107 4847 - |
153.6 6032 4729 4729 |
134.7 6040 4742 4759
118.8 6076 4798 4785
103.9 6095 4828 4808 | |

87.5 6092 4824 4835 i

73.7 6110 | 4852 4857

59,3 6127 4879 4880

43.3 6145 4906 | 4900

31.7 6162 4935 N ;920

12.1 - 6208 5008 ".%1,."3

1.3 o0 so 50
-12.8 6319 5190 5138
~3L.6 6408 5335 5320 |
-47.1 6455 5416 5428 |
~59.6 6503 5495 5516 :
~75.0 6583 5633 S624 |
-90.0 6646 5741 5729

~100.2 6678 5796 5800 :

30.0 6148 4913 -




TABLE 4.14: TYPICAL ANALYSIS OF SONIC
RESONANT TEST READINGS

Series - ASD 0.487 Age - 28 days
Specimen 1 Dry~Cured
e, SONTC DYNAMIC-E
(°F) RESONANT Experimental Fitted
FREQUENCY (KST) (KST)
74,9 6107 4847 -
153.6 6032 4729 4729
134.7 6040 4742 4759
118.8 6076 4798 4785
103.9 6095 4828 4808
87.5 6092 4824 4835
73.7 6110 | 4852 4857
59,3 6127 4879 4880
43.3 6145 | 4906 | 4900
31.7 6162 4935 o0
21 608 s e -
-1.3 @0 5110 o sw0
-12.8 6319 5190 5188
-31.6 6408 5335 5320
-47.1 6455 5416 5428
~59.6 6503 5495 5516
~75.0 6583 5633 5624
~90.0 6646 5741 5729
-100.2 6678 5796 5800

30.0 6148 4913 -
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TABLE 4,15t TYPICAL ANALYSIS OF EXPERIMENTAL DEFORMATION
READINGS OF CONCRETE SLABS

aSe T.487 28400 [CAYS
SPECIMEN NO, DS FACE 2
TEMDERATYRE SPEC IMEN LENGTH

CORRECTEC FITTED

152,60 1611237 11.0231

124,77 10,0217 13,0222

118, 81 e G207 1040214

102,890 1040200 10,0207

87450 18,5208 19, 0169

T3.70 10,7198 17,0192

592,30 10,0191 10,0185

13,3 10,0170 1Y,0177

AFTY = 10.(1556029 BFT1 = 0,00004822

CHECK -VE VALUES  RSQ= N,B6712378 RRSQ=
ESTIMATE QOF ERR IN Y-DIRECTION . o
- UNCORRECTEN = 0o NGOTCCRRECTED = 0.0007 .
STANDARD DEVIATION = 0,0018 ’
(CEFFy NF CORRELATICNS®
CAtCULATED = 01,9312 CORRECTED = (309192

165

e 84457786




TABLE 4.15: TYPICAL ANALYSIS OF EXPERIMENTAL DEFORMATION
READINGS OF CONCRETE SLABS (CON'D)

ASD 0,487 28, (13 DAYS
SPECIMEN NO, D5 FACE 2
TEVPERATURE SEECINEN LENGTH
CORRECTED FITTED

12,10 10,7160 11,0158

-1.237 10,144 10,0152

-12,80 17,0152 1040148

-31,6) 170146 10,0140

-47,11 10,0130 10,0133

-59,61 10.0120 10.0128

-75.00 11,0127 10,0121

=00, 10,0112 17,0115

- 11,20 10,0112 100111

AFTY = 1(,01526884 BFTL = 0,00004231

CHECK =VE VALUES  RSQ= 0489023346 RRS Q=
ESTIMATE OF ERR IN Y-DIRECTICN .
UNCORRECTED = N, COAECORRECTED = D006 -
STANDAFD DEVIATION = 00017
CCEFF. OF (CRRELATICNS*

CALCULATED = 0o9435CCRRECTED = .9352

166
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TABLE 4,16: SUMMARY OF EXPERIMENTAL RESULTS FOR A SERLES

AST o487 23,60 [AYS

TABLE CF CO-EFFICIENT VALUES

SPEC INEN TEMPERATURE RANGE |
Ny ABCVE-FREEZING RELOA-FREEZING
FACE-1  FACE-2 FACE-1  FACE-2
D 422652 4, 2365 2.3334  3,5893
nan 402120 3,2924 3.7377 348175
) 4.1103  4,4259 4,0517  3,5616
D2 4,4685  4,41C5 307929  3.8999
03 4,608  4,6428 3.8792  4,0828
D4 4,6816  Bolill 3.9551  3.6997

[“i 403(88 408220 4.”138 4.2312




TABLE 4,17:

= 'r( N =ASD Mg 4970
o vnu}\\i'«"\“f-v I \h!‘:)}"kkg??“‘\“‘%“\‘!’#‘lﬁ

THECRETTCAL VALUES CF CC-EFFICIEN
oF INEDRCED CONCRETE 5% STF
TYRE CEREINENACEMENT= SYRWETSIC
¥ s 1~*’t:$s‘°¢"$-t# IFZE PR EERACEEE D T

*’—n)UC

TCMPERATYRE IN

INTTTAL FINAL ERENCE
1EN LR 125,00 =15,00
126,00 129,00 =150
Yanaan 165,00 =15,
108 00 90,€7  -15.0

an (i 75400  =15400
100 6700 =15,00
0o L0 45,00 =15,00
45 400 33,00 =15,
20 00 15,00 =15.0C0
15,00 0.0 ~15,00
Fiofl =15,00 =154
—15.00  =3AN00 =15,
S0 .00 ~45,00  =15,00
L5, 0C =67,00 =15.00
~60400  =75.00  =15.00
-75,00 -90.0n0  =15.00
—G0L0N  =100,00  =10.00

 AVERAGE VALUES 0OF CO-EFFICIENTS
PROVE FREEZING PCINT:-
LeNC0N04861
EELCW FREFZING PCINT:-
' CCON0O41095

28,0005 CAYS

R aek et e e s R

NT O
EL R
AL
PRV

FORCE -DEVELOPED

IN CONCRETE
-455, 342773
-456,6835%
- 457,4396¢7
-458, 894531
-459,881104
-4£1,100068
-462,317871
- 257, 388672
-372,471924
~374,848633
- 377, 455811
-380,013428
- 282, 621826
~385,186523
-387, 719961

-390 ,093750,
-261.129883

ARE:

TYPICAL RESULT OF THEORETICAL ANALYSIS

F THERMAL EXPANSION
EINFORCEMENT

THEPMAL-COEFF. OF
RZINFORCED CONCRFTE

001000048091
0.0000948681
0, DO0004BCES
0,0000048057
00000048043
0 JG0N4B032
0.0000048022
0 0000045560
040000041367
000600041299
00 G00ONG1236
00006041175
0, GCGO04111T
0.3000041061
0,0630041006
0.1000040853
00 FDGOD4091B -
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TABLE 5.1: VARIATION OF RATE OF CHANGE OF MODULUS OF ELASTICITY
WITH TEMPERATURE, DRY-CURED SERIES AT 7 DAYS OF AGE

SLOPE OF DYNAMIC-E

SERIES  SPECIMEN ®SI/°F) APPROX. AVERAGE
Y0, FREEZING DYNAMIC-E
above freezing below freezing POINT AT ROOM TEMP.
(°r - (KST)
ASD 1 -1.55 - 9,65 24,57 -
0,44
> 2 147 -10.03 24,81
AID 1 ~1,46 - 9.81 28,32
0.445 2288
2 -1.20 - 8,86 23,98
ASD 1 1,283 -11,15 26,62 i
0.487 5209
: 2 ~1.37 -11,78 26.10 :
AUD 1 -1.40 ~11.15 .26.40 :
' 2 -1,37 12,29 -~ 26,50
1 ~1,704 ~12,357 28,31
ASD 4896
0.577 2 1,68 12.2 27,81
1 -1,47 -10,70 27.8
AUD 4714
0.577 ) ~1.385 ~10.673 28.10
1 -1.74 ~12.48 30,33
ASD 4951,
0.672 9 ~1.732 -12 .42 29.9
- -11,95 31.04
AUD 1 1.69 4966
0.672 2 _1.69 ..]_1.9[} 30.73
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TABLE 5.2: VARIATION OF RATE OF CHANGE OF MODULUS OF ELASTICITY
WITH TEMPERATURE, DRY-CURED SERIES AT 28 DAYS OF AGE

SLOPE OF DYNAMIC-E

: APPROX, AVERAGE -
SERIES SPES$MEN (RS1/°F) FREEZING ~ DYNAMIC-E
' above freezing below freezing  POINT AT ROOM TEMP,
('r) (KST) I
ASD 1 |
j AUD 1 |
§ 0,445 ) b
: ASD 1 -1.59 ~7.00 2.87
: ' 2 -1.47 -7.69 23,63
; 1. -8, 22.09
| oD 1 1.46 8,59 | o |
! 0.487 2 -1.38 ~6.60 23,047 |
| | '
; . 1 ~1.65 -8.20 25,104
! - ASD | R 4717
0.577 2 -1.57 -8.21 25.25
1 -1.37 ~7.71 25.0
AUD 4638
0,577 ) 1.3 ~7.66 24,78
| |
1 -1.599 ~9.89 27,0 |
ASD 4811 |
0.672 2 -1,60 -9.80 27.15 » |
1 ~1,51 -9.58 30,14 ,
AUD 4849
0.672 2 1,495 ~9.42 27,34
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TABLE 5,3: VARIATION OF RATE OF CHANGE OF MODULUS OF ELASTICITY
WITH TEMPERATURE. DRY-CURED SERIES AT 84 DAYS OF AGE

SLOPE OF DYNAMIC-E

SPECIN 0 APPROX, AVERAGE ‘
SERIES °F EggMEN (KS1/°F) FREEZING  DYNAMIC-E ;
) above freezing Dbelow freezing  POINT AT ROOM TEMP, ;
(’F) (KST) §
ASD 1 ~1.00 -2,50 14,61
0.445 4798
: 2. -1,08 -1.87 15.5
OAHES 1 > e o 5126
: 2 ~0.81 2,13 20,13
1 ~1,028 ~3.99 18,18
A ' 4635
0.487 2 ~1.07 ~3.095 18,17
1 -1,15 -3.31 20.12
AUD | | 4580
0.487 2 1427 -3.63 184
1 -1.21 ~4,71 20.38 ‘1
ASD - 4433 |
0.577 2 _1.28 4,60 29,24
-1.11 4,38 18.61 ﬁ
AUD ' 4199 |
0.577 2 ~0.97 ~4,59 18,67
|
|
-1.50 -5.51 21,29 |
ASD ! 4305 I
0.672 2 -1.14 5,21 20,43 |
-1, -4.96 23.40 k
AUD ' he 4367 ‘
0.672 . .27 5,07 24,02
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TABLE 5.4: VARIATION OF RATE OF CHANGE OF MODULUS OF ELASTICITY
WITH TEMPERATURE, WET-CURED SERIES AT 7 DAYS OF AGE

SLOPE OF DYNAMIC-E

, oy APPROX. AVERAGE
SERLES SPEggMEN (RsL/7F) FREEZING  DYNAMIC-E
) above freezing below freezing  POINT AT ROOM TEMP,
(') (KSI)
ASH 1 -1,535 - 9.497 23.83 |
0.445 3107
: 2 -1.49 -10.03 24,52
AU 1 1,41 - 8.73 2,27 n |
0.445
. 2 1,40 - 9,17 2,10 -
- - . 2 . 6
ASH 1 1,545 12.18 5.7 s |
0.487 2 -1.537 -12.25 26,21 |
1 -1,60 -11.80 26.83 l
AUW 4984 ;
0.487 2 -1.56 O A1L70 2.4
1 - 41,739 11,936 28,06 - S
AW ‘ 4909
0.577 2 1,72 ~11.76 27,65
1 ~1.43 -10.303 28,26 |
AUW 5015
0.577 9 21,43 -10,25 28,39
1,736 -12.466 30.02
AW . 4936
0.672 2 1,728 12,42 30,33 |
- 12,99 29,94
AUW 1 1.392 5007
0,672

2 1,57 -12.9 30,17 @
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TABLE 5.5: VARIATION OF RATE OF CHANGE OF MODULUS OF ELASTICLTY
WITH TEMPERATURE, WETI-CURED SERIES AT 28 DAYS OF AGE

SLOPE OF DYNAMIC-E

APPROX, AVERAGE
0 n 0
SERLES SPEE(I)}M (&SL/°F) FREEZING  DYNAMIC-E
) above freezing below freezing  POINT AT ROOM TEMP,
(°F) (KST)
ASW 1
0.445 )
AW 1 &
!
0,445 ) |
!
1 -1.69 -10,50 23.3
o . 4606
0.487 2 ~1.64 -11.11 26,87
1 -1,58 -10.59 18.95
AW 4452
0.487 2 -1.60 -10.59 23,82
~1.81 \ -11.39 - 25.96.° .
ASW ' 0 S S 4322
0.577 2 -1.73 -11.115 - 24,18 .
|
1 -1.66 -10,88 28.26
AU 4187
0.577 2 ~1,67 10,715 23.89 1
!
-1,80 11,297 27,2
ASW 1 4066 !
0.672 2 . -1.846 -11.41 26.80 |
- -12.80 27,40 }
AT 1 1.91 517 |
0.672 2 1,86 -12.35 27.10 %
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TABLE 5,6: VARIATION OF RATE OF CHANGE OF MODULUS OF ELASTICITY
WITH TEMPERATURE, WET-CURED SERIES AT 84 DAYS OF AGE

SLOPE OF DYNAMIC-E

" 0 APPROX. AVERAGE
SERTES SPBSEMBN (KSL/7F) FREEZING  DYNAMIC-E
) above freezing below freezing  POINT AT ROOM TEMP,
(°r) (KSI)
ASH 1 -1,357 - 7.9 21,98 <70
0,445 7
¢ 2 -1059 - 8142 22-24
AUW 1 -1,64 - 7.29 19,67 ‘
0.445 5639 |
¢ 2 . -1|68 - 7076 21!51 f
- -10, 23.94
ASW 1 1.8 10,20 3 5503
0.487 2 -1'83 -10.5]. 27.11
1 -1,996 - 9.34 21.304
AUW 5466
0.487 ) -1,88 - 9,7 24,04
| 1 ~1,759 cooA11,19 0 23S LT
ASW 5650
00577 2 _1'91 —10.60 25.75
..1.92 - 9-89 35.13
AUW 1 5293 |
0.577 9 ~1.93 -10.81 26,25 ‘:
1 -2.25 ~12.0 29,83 |
ASW 5338 !
0.672 9 -2.09 -11,90 . 29.1 l
| |
~1.80 -10.89 27.7
AUW L 1.809 5410
0.672 2 -1.81 -10.83 26.37




TABLE 5,7:

VARIATION OF COEFFICLENT OF EXPANSION

OF PLAIN CONCRETE WITH AGE, WATER-
CEMENT RATIO AND CURING PROCESS

175"

AGE IN DAYS
CURING | TATER- 28 84
TYPE CIMENT above below above below above below
RATIO |[freezing | freezing | freezing freezing | freezing | freezing
0,445 4,60% 3.55 4,80 3.94 4,96 4,27
0.487 | 4.15 3,25 4,25 3,90 | 447 3.95
DRY
0.577 3.64 2,99 3.85 3.46 4.20 3.71
0.672 3.41 3.00 3,70 3.28 4,00 3.50
0.445 4,60 3.55 4,73 3.72 4.85 3,86
0.487 4,15 3.25 4,22 3.60 4,35 3.72
WET | _ . o - .
0.577 3,64 2,99 3.7 - 3,30 - 3.87 3,49
0.672 | 3.4 3.0 3,524 3.03 3.75 3,34

#A11 values in 107° in./in./°F

NOTE: Values for the 28 day old specimens of 0,445 water-cement

. ratio are interpolated.
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TABLE 5,8: THEORETICAL AND EXPERIMENTAL VALUES OF COEFFICIENT
OF EXPANSION OF REINFORCED CONCRETE, VARIATION
WITH AGE AND STEEL PERCENTAGE (IN 10° IN,/IN./°F)

Series - ASD 0,445 Symmetrical Dry-Cured
THEORETICAL EXPERIMENTAL
A?g % OF above below above freezing  below freezing

DAYS STEEL freezing freezing Face 1 Face 2 Face 1 TFace 2

0 4,60 3,55 b1 4,48 3,53 3,25
1 4,70 3,64 b6l 4,29 3,63 3,39
2 4,78 3.72 655 507 370 3.88
7 3 4,87 3.80 4,70 4.86 4,04 3,59
4 4,96 3.88 4,80  4.83 387 3.68
5 5,03 3.95 4,89 4,67 3,93 4.80
0
1
2
28
3
4 |
5 |
0 4,96 Ry 5.00 477 400 417
1 5,05 4,38 5,33 4,68 3,77 .24
2 5,11 4,39 5,0 4,57 4,26 6,29
84 3 5,18 445 5.5 5.24 434 4,35
4 5,26 4,51 5,63  5.83 5,38 4,40
5 5,32 4,55 5,31 5.3 5,60 4,69

Face 1 - near steel
Face 2 - away from steel
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TABLE 5,9: THEORETICAL AND EXPERIMENTAL VALUES OF COEFFICIENT
OF EXPANSION OF REINFORCED CONCRETE, VARIATION
WITH AGE AND STEEL PERCENTAGE (IN 10° IN,/IN,/'F)

Series - ASD 0,487 . Symmetrical Dry-Cured
THEORETICAL EXPERIMENTAL
AGE
N % OF above below above freezing below freezing

DAYS STEEL freezing freezing Face 1 Face 2 Face 1 TFace 2

0 415 3.25 529 3,65 3,18  3.33
1 4,28 3,3 5,70 4,59 3,38 3.19
2 4,38 3.4 b42 G49 3.46 373
7 3 4,49 3.53 4.5 4,60 3,09 3.56
4 4,60 3,63 5,66 3.58  3.66 3,84
5 4,69 3,70 L.81  4.88 372 3,74
0 4.25 3,70 526 3,75 329 3,70 |
1 4.3 3.79 b1 442 k05 3,56 i
2 4,48 3.86 41 441 3.79 3,90 ;
o, 5,59 3,05 46l 466 388 4.0
b e 4,05 &6 5.00 - 396 3.70 |
5 4,78 4.09 L3l 482 401 4.23 |
0 447 3,95 446 3,98  3.83  3.53 o
1 4,59 .04 5.46 4.6l 405 4,05
2 h,68 4,12 4,69 4,19 4,11 3,81
o 3 579 4,18 42 485 b6 3.87
4 4,89 4,26 5,15 4,35 4,26 4,54
5 4,97 4.32 665 5.3 hJ2 b3

Face 1 - near steel
Face 2 - away from steel




TABLE 5,10: THEQORETICAL AND EXPERIMENTAL VALUES OF COEFFICIENT
OF EXPANSION OF REINFORCED CONCRETE,
WITH AGE AND STEEL PERCENTAGE (IN 10° IN,/IN,/°F)

Face 1 - near steel
Face 2 - away from steel

Series - ASD 0,577
THEORETICAL

Agg % OF above below

DAYS STEEL freezing freezing
0 3.64 2,99
1 3.80 3.11
2 3.93 3.2

7

3 4,07 3.32
4 4,20 3.42
5 4,32 3.51
0 3.85 3.46
1 4,01 3,57
2 4,13 3,65

28 . .

' 3 4,26 " 3,74
- 4,39 3.84
5 4,49 ‘3,91
0 4.20 3.71
1 4,35 3,82
2 4,46 3.90

84

3 4,58 3.99
A 4.70 4,08
5 4,79 4,15

Symmetrical

VARIATION

EXPERIMENTAL

above freezing below

Face 1 TFace 2 Face

3.65
3,22
3,83
3.49
3.65

3.70

3.24
524
4,64
6,43
L7 _‘

4,63

4,20
4,16
4,32
4,46
4,53

4,40

3.09
3.28
3.38
3.44
3.68

3,66

4,10

4,24

442
4,53

4,48

4.88

4,38
4,47
4,01
4,09
4.60

4,64

2,83
2,96
3.83
3.17
3.27

3.36

3.48
3.59

3.30

3,95

3.89
3.81
3.89
3.99
4,06

4,47

3,77

3,85

Dry-Cured

- freezing
1 Face 2

2,86
2,98
3,08
3.19
3.28

3,01

3.32
3.61
3.68

3,78

3.69

3.64
3,82
3,91
4.01
4,28

4,15

"3,52

178
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TABLE 5.11: THEORETICAL AND EXPERIMENTAL VALUES OF COEFFICIENT
OF EXPANSION OF REINFORCED CONCRETE, VARIATION
WITH AGE AND STEEL PERCENTAGE (IN 10° IN,/IN,/'F)

Series - ASD 0,672 Symmetrical Dry-Cured
THEORETICAL EXPERIMENTAL
A?g % OF above below above freezing  below freezing :;
DAYS STEEL freezing freezing Face 1 Face 2 Face 1 Face 2 |
0 3.41 3.00 3.4 4,19 2,63 2,76
1 3,59 3,12 2,75 3.27 3,02 2,86
2 3.72 3.21 3.34 3.41 2,% 3.32
7 3 3.87 3,32 3.54 3.93 | 3,05 3,07
4 401 3,42 3,3 304 3,15 3,07
5 4,13 3.51 3.80 4,06 3.08  3.27 ?
0 3.70 3,28 3.31 3,37 3,02 3.22
1 3.86 3.39 3.47 3.49 3.32 3.33
2 3.98 3.48 3.59 3,53 3.40 3,41
? : 3 4,13 3.58 3.70 . -3;7l>. j»_3f84 3.28
4 26 361 1S 385 ERCRERE
5 AR GOl 3.8 L6 3.0
0 4,00 3,50 376 3,90 351 3,40
1 4,16 3.62 4,13 4,18 3.53 3.53
2 4,28 3,71 4,29 426 3,76 3.45
* 3 4,42 3.81 4,31 4.41 3.48 4,06
4 4,54 3.91 4,02 4,73 - 3.81 3.82
5 4,65 3.99 4l 4.14 3.87 3.63
Face 1 - near steel
Face 2 - avay from steel
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TABLE 5,12: THEORETICAL AND EXPERIMENTAL VALUES OF COEFFICIENT
OF EXPANSION OF REINFORCED CONCRETE, VARIATION
WITH AGE AND STEEL PERCENTAGE (IN 10° IN,/IN./°F)

Series - ASW 0.445 Symmet rical Wet-Cured
THEORETICAL EXPERIMENTAL
Agg % OF above below above freezing  below freezing
DAYS STEEL  freezing freezing. Face 1 Face 2 Face 1 Face 2
0 4,60 3.55 4,70 4,46 3.65 3,51
1 4,70 3.64 4,45 5,27 3.67 3,61
2 4.78 3.72 4,90 4.9 3.7  3.70
7 3 4,87 3.80 4,97 5,02 3.63 3,91
4 4,96 3,88 4,61 5,10 3,90 3,57
5 5,03 3.95 5.13 4.9 3,96 3.98
0
1
2
.28 '
3 s
. :
5
0 4,85 3.86 4,71 5.02 3,71 3.57
1 | 4,93 3.94 4,91  5.40 3.85  3.62
2 5.00 3.99 b4k 5,15 3.92 3,68
84 3 5.07 4.06 5,21 5,53 4,5 3.73
4 5,14 4,13 5.52 5,64 3,72 3.67
5 5.20 4,19 5,20  5.63 4,11 3,86
Face 1 - near steel

Face 2 - avay from steel




TABLE 5,13: THEORETICAL AND EXPERIMENTAL VALUES OF COEFFICIENT
OF EXPANSION OF REINFORCED CONCRETE.
WITH AGE AND STEEL PERCENTAGE (IN 10° IN,/IN./'F)

Series - ASW 0,487
THEORETICAL

Ag; % OF above below

DAYS STEEL freezing freezing
0 4,15 3.25
1 4,28 3.36
2 4,38 3.44

1
3 4,49 3,53
4 4,59 3.63
5 4,69 3,70
0 4,22 3.60
1 4,34 3.69
2 b 3,76
3 4,54 " 3.84
4 4,65 3,92
5 4,73 3.98
0 4,35 3,72
1 4,46 3.80
2 4,54 3.86
84

3 4,64 3.9
4 4,74 4,01
5 4,81 4,07

Face 1 - near steel
Face 2 - away from steel

Symmetrical

above freezing

VARTATION

EXPERTMENTAL

Face 1 Face 2 Face

4.27
4,48
4,50
4,71
4.719

4.73

3,93
4.19
4,30
4,47
4,48

4,61

4.29
4.40
4,47
5.42
4.75

4.94

4,29
4,46
4,86
4.69
4.80

4,91

3.98
3.86

4.33

4,48

4,53

5.10

4,18
4.26
4.50
4.62
4,79

4,17

3,21
3,38
3,45
3,93
3.43

3.72

3.41
3,78

3.75

3,82

4,13
3.97
3,62
1,26
4,07
3,81
3,95

4,35

181

Wet-Cured

below freezing

1 Face 2

3,29
3.40
3.43
3.34
3,95

3,76

3,79
3.69
3.48
 3;85

3.68

3,45
3.52
3,55
4,05
4.36

3.89
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Face 1 - near steel

Face 2 - away from steel

Series -~ ASW 0,577
: THEORETICAL
g A?g % OF above below
: DAYS STEEL freezing freezing
0 3.64 2.99
1 3.80 3.11
2 3.93 3.21
7
3 4.07 3.32
4 4,20 3.42
5 4,32 3,51
0 3.71 3.30
1 3.86 3.40
A 2 3,98 3.48
i ‘ 28 . ,
H 3 4,11 3.58
4 4.24 3.67
: 5 4,35 3.74
0 3.87 3,49
i 1 4.01 3.58
2 4,11 3,65
84
3 4,23 3.73
, 4 4,34 3,81
5 4,44 3.88

Symmetrical

above freezing

Face 1 Face 2

3.45
3.19
2,78
3.39
3.97

3.70

3.18
3.9
4,00

448

4,29

4,43

3.90
3.9
4,14
4,58
4,62

4.42

TABLE 5,14: THEORETICAL AND EXPERIMENTAL VALUES OF COEFFICIENT
OF EXPANSION OF REINFORCED CONCRETE.
WITH AGE AND STEEL PERCENTAGE (IN 10° 1IN./IN./°F)

VARTATION

Wet~Cured

EXPERIMENTAL

2.72
3.17
3.29
3.48
3.55

2.94

3.48

3.85

4,05

4.25 I

4,01
4 .48
4,02
4,19
4,34
4,24
4,61

4,17

3.05
3.12
3.36
3.45
3.32

3.66

3.07
3.17

3.43

3.69

3,53
3.70
3.78
3.14
3,93

4,00

3‘.' 18

below freezing

Face 1 Face 2

2,98
3.27
3,06
3,48
3.81

3.66

3.44
3,38

3,23

3.5

1:63
3,72
3,76
3.72
3,79
3.68
3,95

3.76

1821




TABLE 5,15: THEORETICAL AND EXPERIMENTAL VALUES OF COEFFICIENT
OF EXPANSION OF REINFORCED CONCREIE.
WITH AGE AND STEEL PERCENTAGE (IN 10° IN,/IN./°F)

Series - ASW 0,672
THEORETICAL
Agg % OF above below
DAYS STEEL  freezing  freezing
0 3,41 3.00
1 3.59 3.12
2 3.2 3,21
7
3 3.87 3.32
4 4,01 3.42
5 4,13 3,51
0 3,52 3.03
1 3.69 3.15
2 3.82 3,24
28
3 3.96 3.34
4 510 345
5 4,22 3,53
l 3090 3044
2 4.01 3.51
84
3 4,13 3.60
4 4,25 3.69
5 4.36 3,76

Face 1 - near steel
Face 2 - away from steel

Symmetrical

above freezing

VARTATION

EXPERIMENTAL

Face 1 TFace 2 Face

3,47
2,95
3.60
3.74
4,00

4,00

2,81
3.10
3,20

2.76

3.50 .

3.51

3.21
3.7
3.86
3.79
4,12

4,09

3,05
3.47
3,67
4.65
3,93

4,13

2.92
3.10

3.17

2,83

3.49 -

3 ‘55

3.89
3.89
3.94
4,32
4,20

4,26

2,82
3.00
3,23
3.3
‘3.02

3.54

3.18
3.48

3,57

3.85

3.39
3,07
3.41
3.65
4,14

3.80

3.3

N

Wet=-Cured

below freezing

1 Tace 2

3,40
3.17
3.26
3,39
3.60

3.56

3,55
3.49

3.9L.

3.56 .

4,56

3.50
3.51
3.7
3.67
3.96|

3.83

183

3.8
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TABLE 5,16: THEORETICAL AND EXPERIMENTAL VALUES OF COEFFICLENT
OF EXPANSION OF REINFORCED CONCRETE. VARLATION |

WITH AGE AND STEEL PERCENTAGE (IN 10° IN./IN./°F E
]
|

B e T ko

Series ~ AUD 0.445 Unsymmetrical Dry-Cured
: AGE THEORETICAL EXPERIMENTAL L
i % OF g
; IN \ above freezing below freezing above freezing below freezing
: DAYS STEEL

Face 1 Face 2 TFacel Face 2 TFacel TFace 2 Face l Face 2

0 4.60  4.60 3.55  3.55 4.48 5.07 . 3.46  3.27
1 4.83  4.55 3.76  3.51 4,72 4.62 3.47  3.43

2 5.06 4-51 3098 3.47' 5005 4039 4004 3042

7 3 5.26  4.48 4,16  3.44 5,70 444 4,00  3.26
4 5.36  4.46 4,26  3.42 4,60  4.02 4,13 3.41
5 5.54  4.43 4,43 3.39 5.64  4.73 4.3 7,72
0
1
2
28
3
4
5
0 4.96 4.96 4,27 4.27 4,20 4.87 4,65  4.24
1 5.16 4.92 4,42 4.24 4,82  4.73 4,40  4.38
2 5.35  4.89 4,57  4.21 4,30 4.92 4,62  4.33
84 3 5.51  4.86 4,70 4.19 5.46  4.81 4,62  4.31
4 5.60  4.84 4,77 4.19 5.65  6.81 4,81 4,22
5 5,74  4.82 4.89  4.16 5.61  4.74 4,87 4.27
Face 1 - near steel
Face 2 - away from steel
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TABLE 5.17: THEORETICAL AND EXPERTMENTAL VALUES OF COEFFICIENT ‘
OF EXPANSION OF REINFORCED CONCRETE, VARIATION 13

|

WITH AGE AND STEEL PERCENTAGE (IN 10° IN,/IN./'F |

Series - AUD 0.487 Unsymmetrical Dry-Cured &
AGE THEORETICAL EXPERIMENTAL i:
IN éngL above freezing below fréezing above freezing below freezing
DAYS Face 1 Face 2 Facel Face 2 Facel Face 2 TFace l Face 2
0 4,15 4,15 3.25 3.25 3.53  4.17 2,92 3.86
1 444 4,09 3.49 3.20 4.10 3.80 3.57 3.16
2 4.73 4,04 3;74 3,16 4,62 3.82 3.69 . 3.33
7 3 4,98  4.00 3.95  3.12 4.77 3.9 3.90 3.11
4 5.11 3.98 4,07 3.10 5.13 3.78 - 6.19 3.13
5 5.33 3.9 4,26  3.07 4,90  3.66 3.99 3.40
0 4,25 4.25 3.76 3.70 3.97 4.37 3.48 3.72
1 4.5 4.19 3.91 3.66 4,70 5.37 3.41 3.57
2 4.83 4.14 4,13 3.62 5.00 4.09 4,04 3.57
. 3 507 60 430 359 5.9 426 428 - 229
b 50 L8 440 35T | 52 420 hby 348 |
s sal 406 65T 355 5.00 407 436 350 |
0 4,47 447 3.95 3.95 4,70 5.08 3.87  4.29
1 4,74 4.4l 4,15 3.91 4,21 4,49 4.28 4.06
2 5.02 4,36 4,35 3.87 5.46 4.97 4.48 4.99
. 3 5.24  4.33 4.52 3.84 5.53  4.70 4.78 3.97
4 5.36 4.31 4,60 3.83 4,91  4.42 4,65 3.93
5 5.55 4,28 4,75 3.81 5.87  4.63 4,69 4.04
Face i - near steel
Face 2 - away from steel -
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TABLE 5.18: THEORETICAL AND EXPERIMENTAL VALUES OF COEFFICIENT
OF EXPANSION OF REINFORCED CONCRETE, VARIATION
WITH AGE AND STEEL PERCENTAGE (IN 10° IN,/IN./°F)

Series - AUD 0,577 ‘ Unsymmetrical | Dry=-Cured é
AGE 7 oF THEORETICAL " EXPERIMENTAL ;
Digs STEEL above freezing below freezing above freezing below freezing :
Face 1 Face 2 Tace 1l Tace 2 Face l Face 2 Facel Face 2
0 3.64  3.64 2,99  2.99 3.48  3.10 2.86  3.25
1 4,01 3.57 3.27°  2.9% 4,10  3.63 3.46 2,99
' 2 4.38  3.50 3.55  2.88 4,21 3.46 3.55 2.81
7 3 4,68  3.45 3.79 2.8 4,76 3.54  3.48  3.33
4 4,84  3.42 3.92 2.82 4,25  3.07 4,15  2.80
5 5.11  3.38 4,15  2.719 5.25  4.10 4,18 2.90
0 3.85 3.8 3.46  3.46 3.00  3.42 3.19  3.62
1 4.20  3.78 3.70  3.41 4,02 3.64 3.56  3.32
2 4,56 3.72 3.95  3.37 4,92 3.5 4,33 3.88
Ty 67 4d6 333 G 403
4 5.00  3.66 427 331 . h8h 373 o .43.42,"]
5 5.25  3.60 4,46 . 3.28 4,41 3.41 3.40‘ 3.39
0 420 4.20 3.1 3.J1  3.91 428 3.40  3.85 '
1 4,53  4.13 3.95 3.66 4,56 4.23 3.82  3.54
485 o407 b1 362 478 395 375 352
. 3 5.11  4.03 4,38  3.59 5,12 4.14 44l 3055
b 5.25  4.01 4,69 3.57 5.05  4.24 4.27  3.66
5 5.48  3.98 4,66  3.54 5.3 4.07 4,51 3.50

Face 1 - near steel
Face 2 - away from steel




TABLE 5,19: THEORETICAL AND EXPERIMENTAL VALUES OF COEFFICIENT
OF EXPANSION OF REINFORCED CONCREIE.

WITH AGE AND STEEL PERCENTAGE (IN 10° IN./IN,/°F

Series - AUD 0,672 Unsymmetrical
ME g o THEORETI CAL
DX§S STEEL above freezing below freezing above
Face 1 Face 2 Face 1 Face 2
0 341 341 3.00  3.00  3.32
| 3.80  3.33  3.27 2,95  3.59
2 4,19 3,26 3.5 2,90 3.87
7 3 4,52 3.20 3.78  2.86  4.30
b 4,69 3.18 391 2.83  5.18
5 4,98 3.13 413 2,80  4.69
0 3,70  3.70  3.28  3.28  4.50
1 4,06  3.63  3.53  3.23  4.25
2 4,43 3.56 3,79  3.18  4.60
By 4 asl 400 1 b
PRV TSR SR E R R 5,15,
5 5.15  3.44 433 3.10 5.07
0 4,00 4.00  3.50 3.50  3.22
1 436 3.93 3.76  3.45 4.5
2 471 3.86  4.03  3.40  4.04
84 3 5.00 3.82 426 3.36  5.06
4 5.14  3.79 436 3.34  4.96
5 5.39 3,75 455 3.31  5.56

Face 1 - near steel
Face 2 - away from steel

VARTATION
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Dry~Cured

EXPERIMENTAL

freezing

Face 1 Face 2

3.76
3.25
3.06
3.50
3.13

3.10

3.74
3.96

3.74

3.79 .

3.72

4.18

.69

3.33
3.13
3.46
3.66
3.77

3.90

3.03
3.57

3.66

4.16-

613

4.34

3.38

3.32

3.93

3.84

4.58

4.64

-below freezing

Face 1 TFace 2

2.89
3.27
2,53
2,42
2.92

2.75

3.15
3.38

3.15°

',3,3é
3.05
3.68
3.62
3.18
3.28

3.27

3.62

- 3.16

PRI |
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TABLE 5,20: THEORETICAL AND EXPERIMENTAL VALUES OF COEFFICLENT
: OF EXPANSION OF REINFORCED CONCRETE, VARIATION
% WITH AGE AND STEEL PERCENTAGE (IN 10° IN,/IN./°F

Series - AUW 0,445 Unsymetrical Wet-Cured |
THEORETICAL EXPERIMENTAL

AGE % OF

IN .  above freezing below freezing above freezing below freezing

DAYS STEEL

Face 1 TFace 2 Facel Face 2 Facel Face 2 Face 1 Face 2

0 4.60  4.60 3.55  3.35 4,49  5.37 3.74  3.68
1 4,83  4.55 3.76 3,51 4,64 4,76 3.82  3.56

2 5,06 4.51 3.98  3.47 5.19  5.06 3.86 3.3l

! 3 5.26 4.48 4,16 344 4,95 462 3.93 3.5
4 5.3 446 4.2  3.42  5.60 450 409 3.31
5 5.5 443 443 3,39 577 ATl b62 3.53
0
1
2
28
3
4 i
5
0 4.85 4.85  3.86  3.86  5.49 466 4.01 417
1 5.06 4.8 4.03 3.82  5.03 485 411 3.93
2 5.03 4,78 421 379 5.2 5.06  4.20 3.87
84

3 5.9 475 4.6 3.77 5470 LT3 435 383
4 548 473 44k 375 5.5 A49 4360 3.6

5 5,63  4.71 4.59 3.73 5,73 4.85 4.65 -~ 3.84

Face 1 - near steel
Face 2 - away from steel




TABLE 5.21: THEORETICAL AND EXPERIMENTAL VALUES OF COEFFICLENT
OF EXPANSION OF REINFORCED CONCRETE.

WITH AGE AND STEEL PERCENTAGE (IN 10° IN, /IN./°F)

Series - AUW 0,487

Face 1 Face 2

A‘I;g 7 OF
DAYS STEEL
0 415
1 4k
R
7
3 4.98
b sl
5 5.3
0 4,22
1 4.50
) 4.78
28 L
3 5.0
L 5.1
5 5.35
0 4.35
1 4.60
2 4.85
84
3 5.06
4 5.18
5 5.38

Face 1 - near steel

+ THEORETICAL

above freezing

4,15
4.09
4,04
4.00
3.98

3.94

4,22
4,17

4.11

4.07

4,05

4,02
4,35
4,30
4,25
4,22
4,20

4,17

Face 2 - away from steel

below freezing

Face 1 Face 2

3.25
3.49
3.74
3.95
4,07

4.26

3.60
3.80
4,01
4.19
4,29

4,45

3.72
3.90
4.09
4,26
4.35

4,50

Unsymmetrical

3.25
3.20
3.16
3.12
3.10

3.07

3!60
3.56
3.52

3.49

3.47

3.45

3.72
3.69
3.65
3.62
3.61

3.58

above

VARIATION

Face 1 Face 2

4,14
4,56
5.35
5.31
5.56

5.97

3.63
4.79

5.06

5,04

5,43

5.57

3.79
4.52
4.73
5.22
4.80

5.36

Wet~Cured
EXPERIMENTAL
freezing below freezing
Face 1 TFace 2
4.67 2,95  3.35
4.34 3.3 3.04
4,58 © 3.62 3.0l
4,46 4.12  3.10
3.95 .71 2,95
4,27 8.30  3.17
4.35 3.91  3.83
4.4 - 4,23 3.68
4.39 4,15 . 3.46
RO
G0 422 349 |
5.04 4,96 3.69
4,52 2.98  3.43
4,18 3.16  3.11
4.18 3.60  3.27
4.38 4,02 3.40
4.10 4,05  2.80
4,18 | 4,03 3.23
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TABLE 5.22: THEORETICAL AND EXPERIMENTAL VALUES OF COEFFLCIENT
OF EXPANSION OF REINFORCED CONCRETE.
WITH AGE AND STEEL PERCENTAGE (IN 10° IN./IN./'F)

Series - AUW 0,577 Unsynmetrical
AGE THEORETICAL EXPERIMENTAL
IN ingL above freezing below freezing above freezing'
DAYS Face 1 Face 2 Face 1l Face 2 Facel Face 2
0 3.66  3.64 299 2,99  3.58 3.60  3.15
1 401 3.57  3.27 2.9 379 3.32 3,09
2 4.38  3.50  3.55 2.88  2.66  3.36  2.27
7 3 4,68 345 379 284 4S5 3,30 3.80
L 4.8k 3.42 392 2,82 4.8 3.1 402
5 511 3.3 415 2,79 498 3.28 433
0 3,71 3.71  3.30 330 3.42 0 352 2,96
1 4.05 3.66  3.53 325 3.35 3.35 3.3
| 2 b4k 3,57 378 321 A5 3.34 3,69
N 3 569 3.5 3.40 ;3.17, ;4.51 :_'3;50_ w22
4 45 350 k10 315 4;73 t a2 0
5 5.1 3.6 429 312 5.16 334 449
0 1.87  3.87 .49 .49 3.63 L4 2,96
1 L8 3.81 369 345 433 359 3.4
2 LG9 375 301 341 sk 384 339
* 3 4,75 3.71 4,92 3.39 474 3.88 411
4 4.89 3.68 419 3,36 4.8 349 3.T3
5 513 3.65 437 3.33 552 3.8 4.10

Face 1 - near steel
Face 2 - away from steel

'VARIATION

Wet-Cured

below freezing

Face 1 Face 2

-190

2.93
2.77
2.81
3.00
2.89

2'78

3.38
3'12

3.20

13.01

119

3.12

3.51
3.56
3.51
3.48

3.26

3.40

Sy
"
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TABLE 5.23: THEORETICAL AND EXPERIMENTAL VALUES OF COEFFICIENT o
OF EXPANSION OF REINFORCED CONCRETE, VARIATION Qi

WITH AGE AND STEEL PERCENTAGE (IN 10° IN./IN,/°F) B
Series - AUW 0,672 Unsymmetrical Wet-Cured éé
ME o oo THEORETICAL EXPERIMENTAL !%
Diss STEEL above freezing below freezing above freezing below freezing *ﬁ
Face 1 Face 2 TFacel Face 2 Facel Face 2 Facel Face 2 {
0 341 341 3,00 3.00 370 2,99 243 278 |
1 3,80  3.33  3.27 295  3.45 3.69  1.93  2.61
2 419 326 354 2,90 hA6 357 260 2.4 ,
T w0 286 506 %00 345 2.69 ?:
A 4,69 3.18  3.91 2,83 491 314 3,77 2.60 %
5 4,98 3.13 4,13 2,80  5.16  4.33 4,09 2.40 |
0 3,52 3.52  3.03  3.03 3.5 3.33 3.4 2,70
1 3.90  3.45  3.30 i.98 3,98  3.73 2.8  2.95
2 4,28  3.38  3.57 293  4.62  3.42  3.69  2.61
® 3 458 333 380 289 4.6 R 364 :2'731;;
s 476 230 393 2.86 S04 :3.55:."'3;83; e
s oson 326 415 2.8 S L% 416 285
0 3,75 3,75 3.3 3.3 337 378 3.0L  3.45
1 4,07 3.69 3.5 330 3.8 357 3.4l 3.e
2 LAl 362 3.9 3.25 403 3.4 3.8k 3.3 ’
84

3 4.68 3,58 3.99 3,22 4.84 3.47 3.99 3.19
4 4.83 3.55 4.10 3.20 3.80 3.50 3.09 3.38

5 5.08 3.51 4.28 3.17 . 4.98 3.37 4,58 3.25

Pace 1 - near steel
Face 2 - away from steel
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PHOTOGRAPHS

APPENDIX C:
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DLATE 3.1 = SONIC RESONANT TEST

the pick-up and the vibrator attached to the ends o! the
specimen (front) in the bench are connected to the SCT=5 {rear),
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PLATE 3,3 - THERMOCOUPLE

The two metallic wires (left) are soldered to form the
thermocouple, '

PLATE 3.4 - CONSOLIDATION OF CONCRETE DURING CASTING

Concrete being consolidated by Pencil Vibrator (top). Ends of
thermocouple wires can be seen (front and rear).
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PLATE 3,3 - THERMOCOUPLE

The two metallic wires (left) are soldered to form the
thermocouple,

PLATE 3.4 - CONSOLIDATION OF CONCRETE DURING CASTING

Concrete being consolidated by Pencil Vibrator (top). knds of
thermocouple wires can be seen (front and rear).
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LATE 3.6 - TEMPERATURE MEASUREMENT OF POTENTTOMETER

Cuarded null detector (left), temperature scale (centre) and two

thermocouples connected for tenperature measurerent are shown,
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PLATE 3,7 = HONEYWELL CONTROL FOR ENVIRONMENTAL CHAMBER
The temperature recorder panel (topv centre) has an instant pointer,
a setter and a pen marking on-2 24=hour circular scale.

_PLATE 3.8 = OUTER V
‘The slab specimens (thr
(bottom right) and the

VoA SR - -
1EW OF ENVIRONMENTAL CHAMBER

ough the window), the potentiometer
control panel (top left) are seen.




PLATE 3.7 - HONEVWELL CONTROL FOR ENVIRONUENTAL CHAMBLR

fhe temperature recorder panel (top centre) has an instant pointer,
4 setter and a pen marking on a 24-hour circular scale,

(]

PLATE 3.8 = OUTER VIER 0¥ EXVIEOS v DAL CEANEER

the slab specinens (through the window), the peteatioreter
(botton right) and the control panel (top Teft) are ceen.
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PLATE 3,9 - DEFORMATION TEST FOR CONTROL CYLINDERS

Gauges (left and right) are mounted on the frame attached to
the cylinder. Load cell is on top.
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PLATE 3.10 - OPTICAL DEFORMATION MEASURING
ASSEMBLY

attached to the invar '

n the motion carriage assembly ;

resting on the optical bench.

The optical extensometers
bar are mounted O
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PLATE 3.11 - HEWLEIT-PACKARD TRANSDUCERS
MODEL 7CDT - 100 ‘

DCDT: components (foreground) and assembled |
in position for deformation measurement (rear). =







200

PLATE 3.12 - MEASURING DEVICES FOR DCDT

From left to right: voltage to frequency converter, DC power
supply, frequency counter and mercuty pool switching panel on
two switching units,




PLATEL 3,12 = HMEASURING DEVICES FOR DEDT

“rom left to right: voltage to frequency converter, DC power
supply, frequency counter and mercuty pool switching pancl on
two switching units,
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TARGET. Fol  mictosconE

- AluMinium CONTROLLING.  SPEC/MEN

PLATE 3,13 - ALUMINIUM CONTROL PLATE

Targets for microscope (top and bottom) and
DCDT (centre) are mounted for deformation

measurement .







PLATE 3,14 - HALF INSIDE VIEW OF THE CHAMBER
DURING TEST

Prism specimens mounted on sonic test benches
are on the top two shelves. Slab specimens
are on the third shelf.
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APPENDIX D: FLOW CHARTS AND SUBROUTINES




PROGRAMME C v

DYNAMIC MODULUS ELASTICITY

§ ' (1) |READ SERIES AND SPECIMEN IDENTIFICATION AND VARiABLES .
(AGE, WATER-CEMENT, WEIGHT OF SPECIMENS)

(2) READ TEMPERATURE AND SONIC RESONANCE FREQUENCY ' 4
READINGS OF PRISM SPECIMENS

o

f (3) |CONVERT FREQUENCY READINGS INTO DYNAMIC MODULUS VALUES]

’-’ (4) |FIT SEPARATE CURVE TO DYNAMIC MODULUS VALUES FOR BOTH
ABOVE AND BELOW THE FREEZING POINT

(5) [FIND SLOPE OF FITTED CURVES AND THE INTERSECTING POINT
(PROBABLE FREEZING POINT) OF THE FITTED CURVES
- OF ABOVE AND BELOW FREEZING TEMPERATURE

(6) [REPEAT STEPS (3) T0 (5) FOR ALL SPECIMENS | -

3
H
\
i
'
1
b
2
:

(7) PRINT OUT IN TABULAR FORM CALCULATED AND FITTED
DYNAMIC~E VALUES, SLOPE OF TITTED CURVES
AND INTERSECTING POINT OF THE FITTED CURVES




)
j
i
|
)
:
|
i
!
i
4

(1)

(2)

(3)

(4)

(3)

(8

(n.

(8)

(9

PROGRAMME D

ANALYSIS OF EXPERIMENTAL DEFORMATION DATA

. READ SERIES AND SPECIMEN IDENTIFICATION AND VARIABLES

(AGE, WATER-CEMENT)

READ TEMPERATURE AND DEFORMATION READINGS
OF CONTROL SPECIMENS

READ TEMPERATURE AND DEFORMATION READINGS
OF SLAB SPECIMENS

CORRECT DEFORMATION READINGS OF SLAB SPECIMENS
FROM CONTROL SPECIMEN RESULTIS

FIT CURVE TO CORRECTED DEFORMATION DATA FOR ABOVE
FREEZING TEMPERATURE, FIND COEFFICIENT OF EXPANSION

FROM SLOPE OF FITIED LINE

PRINT OUT FITTED VALUES OF DEFORMATION,
COEFFICIENT OF EXPANSION AND INTERCEPT WITH Y~AXIS

CALCULATE ESTINMATE OF ERROR, STANDARD DEVIATION,AND
COEFFICIENT OF CORRELATION FOR THE FITTED CURVE AND
PRINT OUT VALUES

[PLOT FITIED CURVE |

1¢ ON THE FITTED CURVE

SUPERIMPOSE EXPERIMENTAL POIN

25




S SIS T Ao

e s e et o e AN A T e wi S

T N S

(1)

(2)

(3)

(4)

(5)

(&

.

(8)

9

PROGRAMME D

ANALYSIS OF EXPERIMENTAL DEFORMATION DATA

READ SERIES AND SPECIMEN IDENTIFICATION AND VARTABLES

(AGE, WATER-CEMENT)

READ TEMPERATURE AND DEFORMATION READINGS
OF CONTROL SPECIMENS

READ TEMPERATURE AND DEFORMATION READINGS
OF SLAB SPECIMENS

CORRECT DEFORMATION READINGS OF SLAB SPECIMENS
FROM CONTROL SPECIMEN RESULTS

FIT CURVE TO CORRECTED DEFORMATION DATA FOR ABOVE
FREEZING TEMPERATURE, FIND COEFFICIENT OF EXPANSION
FROM SLOPE OF FITTED LINE

PRINT OUT FITTED VALUES OF DEFORMATION,
COEFFICIENT OF EXPANSION AND INTERCEPT WITH Y~AXIS

CALCULATE ESTIMATE OF ERROR, STANDARD DEVIATION,AND
COEFFICIENT OF CORRELATION FOR THE FITTED CURVE AND
PRINT OUT VALUES

[ PLOZ FITIED CURVE |

SUPERIMPOSE EXPERIMENTAL POLNTS ON THE FITTED CURVE

X
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(10)

(11)

PROGRAMME D (CONT'D)

REPEAT STEPS (5) THROUGH (9) FOR BELOW FREEZING POINT
CORRECTED DEFORMATION DATA

PRINT OUT IN TABULAR FORY COEFFICIENT OF EXPANSION
OF CONCRETE SLABS (AT BOTH FACES) FOR ABOVE AND
BELOW FREEZING POINT

206
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PROGRAMME E

THEORETICAL ANALYSIS

(1) READ SERIES AND SPECIMEN IDENTIFICATION,
DIFFERENT STEEL PERCENTAGES, REINFORCEMENT TYPE

(2) READ TEMPERATURE AND MODULII OF ELASTICITY AND
COEFFICIENT OF EXPANSION OF PLAIN CONCRETE AND
STEEL AT DIFFERENT TEMPERATURES

SYMMETRICAL REINFORCEMENT

3 CALCULATE INTERNAL FORCE DEVELOPED
AT EACH TEMPERATURE INTERVAL

(4) FROM COMPATIBILITY OF DEFORMATION CALCULATE
STRAIN AND COEFFICIENT OF EXPANSION OF SLAB
AT FACH TEMPERATURE INTERVAL

(5) CALCULATE AVERAGE VALUE OF COEFFICIENT
BOTH ABOVE AND BELOW THE FREEZING POTNT

(6) |REPEAT STEPS (3) TO (5) FOR DIFFERENT PERCENTAGES OF STEELJ

)] PRINT OUT IN TABULAR FORM COEFFICIENT OF EXPANSION
OF CONCRETE SLABS WITH DIFFERENT PERCENTAGES OF STEEL
FOR BOTH BELOW AND ABOVE FREEZING POINT

UNSYMMETRICAL REINFORCEMENT

(8) FROM THE GEOMETRY OF THE SECTION CALCULATE LOCATION OF )
NEUTRAL AXIS AND MOMENT OF INERTIA OF THE CONCRETE SECTION

(9) REPEAT STEPS (3) THROUGH (7) TOR BOTH FACES OF SLAB
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SUBROUTINE COREL (CONT'D)
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