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Abstract

This research program presents an experimemal study on the mechanical and

thermal properties of different types of concretes at very early ages li.e.. during

hydration). These properties are investigated for temperat;.,re-matched curing. sealed

curing and air-dried curing. Three types of concretes are studied including norn.al­

strength (30 MPa). medium-strength (70 MPa) and high-strength (100 MPa) concretes.

About 300 cylinders and 175 flexural beams were tested to determine the early-age

mechanical properties including compressive stress-strain responses. gain of

compressive strength. change in elastic modulus and variation of tensile strength.

Creep frames and measuring devices were built to enable the experimental

determination of early-age creep, with unloaded. companion specimens giving the

corresponding shrinkage strains. A temperature-matched curing bath was developed

to measure the heat of hydration and to subject 15 cylinders and 12 flexural beams to

temperature-matched curing. The thermal properties investigated included the heat of

hydration. the thermal conductivity. the specifie heat and the coefficient of thermal

expansion. Expressions are proposed to predict the development of compressive

strength, elastic modulus and modulus of rupture as a function of the type of concrete

and the type of curing.

Sub-routines were developed for a finite element thermal analysis program

"DETECT" to predict the variation of temperatures during hydraticn. Additional sub­

routines. using the maturity concept, predicted the compressive strength. elastic

modulus and tensile strength of each element, in the time domain. An experimental

study was performed to observe the effect of different curing conditions and early-form

stripping on the temperature and strain development in structural concrete members.

Comparisons are made between the measured and predicted temperatures in large

concrete columns and precast tee beams and slabs.

Sub-routines were developed to enable incremental stress analysis in the time

domain to account for the rapidly changing material properties and the influence of

creep. Predictions of the risk of cracking were made and compared with observations

from experiments on concrete elements during hYdration. Parametric analyses were

carried out to determine the influence of key thermal properties. time of formwork

removal. creep. and concrete strength on the thermal gradients developed and the risk

of thermal cracking•
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Résumé

L'auteur présente les résultats d'une recherche expérimentale sur les propriétés

thermiques et mécaniques de différents types de bétons de ciment en phase

d'hydratation, L'étude couvre les conditions de mûrissement adiabatiques, sous

protection scellée et à l'air ambiant, et ce pour trois catégo~ies de résistance du béton:

lIù;~ale (30 MPa), moyenne (70 MPa) et haute résisté'nce (1 CO MPa). Environ 300

cylindres et 175 poutres de flexion ont été soumis à des essais mécaniques afin de

déterminer leur comportement contrainte-déformation en compression, leur gain de

résistance en compression, ainsi que la variation du module d'élasticité et de la

résistance en traction. Des instruments de mesure et appareils de fluage ont été

spécialement conçus pour évaluer le fluage d'échantillons en phase de mûrissement;

des échantillons de référence, non chargés, ont permis d'évaluer les déformations de

retrait correspondantes. Une cuve à mûrissement adiabatique à été mise au point pour

mesurer la chaleur d'hydratation dégagée lors du mûrissement, pouvant accommoder

15 cylindres et 12 poutres de flexion. Les propriétés thermiques étudiées sont la

chaleur d'hydratation, la conductivité thermique, la chaleur spécifique et le coefficient

d'expansion thermique linéaire. L'auteur propose des expressions pour prédire

l'évolution de la résistance en compression, du module d'élasticité et du module de

rupture en fonction du type de béton et de la méthode de mûrissement.

En parallèle avec les études expérimentales, l'auteur a programmé des sous­

routines pour un progamme d'analyse thermique par éléments finis lDETECT) afin de

pouvoir prédire la variation de température dans les spécimens durant l'hydratation.

D'autres sous-routines, basées sur le concept de maturité du béton, ont été

développées afin de prédire l'évolution dans le temps de la résistance en compression,

du module d'élasticité et de la résistance en traction. Une étude expérimentale a

également été faite pour observer l'effet de différentes conditions de mûrissement et

du décoffrage hâtif sur la température et les déformations dans des membrures de

béton de formes (colonnes de section carrée, poutres en Té préfabriquées et dalles) et

dimensions variées. Les temperatures mesurées ont été comparées aux prédictions du

modèle numérique.

D'autres sous-routines numériques ont été développées pour permettre une

analyse incrémentale des contraintes dans le temps qui tienne compte des

changements rapides dans les propriétés du matériau et l'influence de fluage. Ces

ii
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calculs ont permis d'établir un indice de prédiction du risque de fissuration .les

spécimens mis à l'essai et de comparer ces prédictions aux résultats observés, Des

analyses paramétriques avec ce modèle numérique Ont permis de déterminer l'influence

des propriétés thermiques importantes, du délai de décoffrage, du fluage et de la

résistance du béton sur les gradients thermiques induits et le risque de fissuration qui

en découle.

iii
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Chapter 1

Introduction

The purpose of th~ research reported in this thesis is to investigate the key parameters

necessary for ,:>redicting temperatures and stresses that develop in concrete structurilS during

hydration. In order to predict these temperatures and stresses during the hydration period, an

extensive experimental study was carried out to determine the thermal and mechanical

properties of normal, medium and high-strength concretes at early ages. Experimental studies

were also conducted to measure the developing temperatures and stresses during hydration

in concrete members having different shapes and sizes. In addition, transient thermal and

stress analyses were carried out to predict the temperatures and stresses as developed in

concrete members at early ages.

This chapter outlines the need for the research, presents an overview of the research

objectives and summarizes the organization of this thesis.

1 .1 An Overview of Research Needs

The prevention and control of early-age thermal cracking of concrete is a major concern

since it significantly affects the durability of structures. As early as the 1930's, considerable

attention was focused on this problem during the construction of concrete dams in North

America (ACI Committee 207 (19701, Bamforth (1985), Price (1982)). Various steps have

been taken to minimise the problem of early age thermal cracking. These include the

replacement of water with crushed ice, the use of Iiquid nitrogen for cooling, the development

of low heat of hydration cement and early form stripping to reduce the temperature rise and

the thermal gradient. Inspite of ail of these preventive measures, thermal cracking remains a

significant problem to overcome. Early age thermal cracking is not only associated with

massive structural components, but can be significant for members such as T-shaped elements
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with very thin flanges. Although there is a high rate of heat loss on the exposed surfaces of

such members. resulting in reduced maximum temperatures. there can however be significant

thermal gradients. This. together with the differential shrinkage on the exposed surface may

aggravate the probJem and can Jead to surface cracking.

ln the past few years. there has been a revolution in the development and use of high­

strength concrete in the concrete industry. This increased use of high-strength concrete has

raised a number of questions whether or not cracking will occur at early ages due to the

different characteristics of this material. The use of higher-strength concrete results in

increased hydration temperatures and the potentiaJ for large thermal gradients. It is interesting

to note that the precast concrete industry has experienced probJems with early age cracking

in high-strength concrete members during early form removaJ. This problem can be aggravated

by thermal shock and by adverse moisture effects upon stripping.

ln order to pl'edict stresses induced during hydration. it is necessary to investigate the

variations of the important physical properties of different types of concrete. Because of the

special characteristics of high-strength concrete. such as higher hydration temperatures and

more rapid gain in both strength and moduJus. there are concerns that high-strength concrete

may have significantly different behaviour from normal-strength concrete. Previous research

has focused almost exclusively on the properties of more mature concrete. In the past few

years. interest has developed in studying the very early age behaviour of concrete due to

increased use of fast-track construction. Limited information is available on properties of

concrete at very early age, that is, less than 48 hours. Researchers (Byfors (1980), Lew and

Reichard (1978), Oluokun et al (1991)) have studied some of the earIY'<lge properties of

normal-strength concrete, including the variations in compressive strength, tensiie strength and

modulus of elasticity. However, information on early age creep and shrinkage of normal­

strength concrete is extremely Iimited (Byfors (1980)). Experimental studies on the early-age

prooerties of hi9h-strength concrete have been carried out by LaPlante (1993). To the

author's knowledge, apart from the work reported by LaPlante (1993), no other experimental

studies have been done on the creep and shrinkage of hi9h-strength concrete at very early

ages.

The development of temperature with time during hydration is the most important

parameter influencing the compressive strength, the elastic modulus, creep, shrinkage and the

rate of hydration reaction. Temperature gradients can cause restraint stresses in hydrating

2



• concrete which may lead to cracking of the concrete. The variation of temperature in concrete

members during hydration is significant due to a number of influencing factors. such as the

type and amount of cement. the member size and shape. the use of minerai admixtures. etc.

ln practice, temperature and curing at early ages is a key factor to both designers <lnd

contractors since it influences the speed of construction and in precast concrete the time at

prestress release.

There is a need to carry out a systematic experimental program to determine the very

early age properties and behaviour of different types of concretes. These properties will be

helpful in predicting the temperatures and stress gradients in concrete members. Furthermore.

there is a need to develop means of predicting the development of temperatures and the

resulting stresses in the hydrating concrete. This is needed to assess the risk of cracking in

concrete members during the hydration process.

•

1.2

i.

ii.

iii.

iv.

Research Objectives

The primary objectives of this research program are:

To study the mechanical properties of three different types of concretes at very

early ages. The experimental studies include determining the compressive

stress-strain relationships, the ter.sile strength, the elastic modulus, creep and

shrinkage at ages less than 24 hours up to 28 days. Ali of these properties are

investigated for normal, medium and high-strength concretes subjected to

different curing conditions. New testing techniques need to be developed to

study some of these properties at very early ages.

To study the thermal properties of three different types of concretes. Thermal

properties include heat of hydration, thermal conductivity, specifie heat and

coefficient of thermal expansion of normal, medium and high-strength concretes

at very early ages. To study the heat of hydration of concrete at early ages and

to provide sufficient number of test samples subjected to adiabatic condition,

an experimental testing set up needs to be developed.

To develop expressions capable of predicting the development of key

mechanical properties of concretes due to different curing conditions.

To study the effect of curing on the temperature and stress development in

different shapes and sizes of concrete members during the early period of

3
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VI.

VII.

hydration.

To develop sub·routines for a two-dimensional thermal analysis program to take

account of the effect of "maturity" during the hydration period and to compare

predicted temperatures with temperatures measured inside structural members

during hydration.

To develop sub-routines for stress analysis program to take account of the

changing elastic modulus and the influence of early age creep and shrinkage

effects. Predicted tensile stresses need to be compared with the predicted

tensile strength of the concrete in order to assess the potential of early age

cracking in concrete members.

To perform a parametric study to investigate the effect of different parameters

on temperature development and to investigate the risk of cracking.

•

1.3 Organization of the Thesis

Chapter 2 will present an overview of previous research on the early age properties of

different concret...;. Chapter 3 describes the experimental program for determining the thermal

properties of normal, medium and high-strength concretes. Chapter 4 describes the

investigation carried out on the mechanical properties of normal, medium and high-strength

concretes. This Chapter also includes the development of mathematical expressions

describing the early age responses of different types of concretes. Chapter 5 describes the

modifications made to a two-dimensional finite element program and compares the predicted

time-wise temperature variations with those measured in different sizes and shapes of

members subjected to different boundary conditions. Chapter 6 explains the computer

analysis technique used to predict incremental stresses in the time domain for determining the

risk of cracking. This approach was applied to several practical cases. Chapter 7 presents

the concl'Jsions arising from this research progrêlm.
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Chapter 2

Previous Research on Thermal and Mechanical

Properties of Concrete

This chapter summarizes previous research on thermal and mechanical

properties of concrete. These properties are needed to predict the temperatures and

the resulting induced stresses due to heat of hydration. Attention will be focused on

the properties at early ages for different types of concrete. The following thermal

properties of concrete are described in this chapter:

~ Heat of Hydration

~ Thermal Conductivity

~ Specifie Heat

~ Thermal Diffusivity

~ Coefficient of Thermal Expansion

ln addition, the following mechanical properties of concrete, which are important

in this research program, are discussed in this chapter:

~ Compressive Stress-5train Relationship

~ Compressive Strength variation with age

~ Tensile Strength Variation with age

~ Modulus of Elasticity

~ Shrinkage

~ Creep

~ Poisson's ratio

5



• 2.1 Thermal Properties of Concrete

2.1 .1 Heat of Hydration

The chemical reaction between cement clinker components and wat~r results

in the formation of different hydration reaction products. The clinker !'omponents have

different rates of hydration reaction with water and form products with different

chemical compositions. These clinker components also bind varying amounts of water

chemically and their contribution to the development of heat and strength vary in

magnitude. The clinker components included in portland cement are C3S, C2S, C3A,

C4 AF. Their contribution to the development of heat and strength is shown in Table

2.1 (Rasmussen and Andersen (1989)) and Fig 2.1 (Byfors (1980), Bogue (1947)).

It was reported by Jawed et al (1983) that the heat of hydration of cement can

be found from its major clinker components. The rate of heat of hydration, at any

instant, can be obtained by summing the weighted rate of each of the components.

where

n
Q(tl=:E wjQjlt)

jg1

(2.1 )

Q(t)

O;ltl

•

= rate of heat of hydration of cement

= rate of heat of hydration of component "i"

= weight proportion of component "i"

= different components

For practical use and ease, it is recommended to use a single heat of hydration

curve in which ail the cement compositions are considered.

The chemical reaction between cement and water is highly exothermic, releasing

a total amount of heat up to 150 to 350 joules per gram for ordinary portland cement

(De Larrard et al (1994)). A number of factors can influence the rate and total heat of

hydration of cement. The most influencing factors are:

i. Type and source of cement

ii. Total cement content

iii. Temperature

iv. Admixture
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The extent to which hydration of cement paste heats the concrete depends on

the size of the structural element and its environment. He:!t dissipation depends on the

type of formwork. amount of exposed surface area and the ambient temperature at

various exposed surfaces. Because of the lower conductivity of concrete. there will

be a slower rate of heat exchange between the concrete and its surroundings. Most

ohen at early ages. heat is liberated in concrete at a higher rate than is transmitted to

its surrounding. which could result in a substantial temperature rise al the centre of the

concrete (Bamforth(1982l. Aitcin et al (1988). Mehta and Monteiro (1993). Mukherjee

and Thomas (1993). Ryell and Fasullo (1993)).

Heat of hydration of concrete can be measured by three distinct methods as

explained below:

(a) Conduction Calorimeter

ln this method. a small sample of cement paste is kept under isolhermic

conditions. that is. at constant temperature condition and the heat developed can then

be determined. This method is preferable in determining the heat of hydration at very

early ages. even less than 0.5 hours as reported by Danielsson (1966). One of the

advantages is that it can directly measure the rate of heat of hydration al different

temperatures. However. the sample size is too smail to accurately achieve realistic and

repeatable results.

(b) Heat of Solution Method

ln this method. the heat of hydration is determined by the difference between

the heat of solution of unhydrated and hydrated cement paste in acid. This method is

best suited for later ages when a large amount of heat has been Iiberated.

(c) Adiabatic Method

The adiabatic method measures the temperature rise under perfectly insulated

conditions. that is. no heat exchange occurs between the concrete sample and its

surroundings. This method permits the use of a larger sampie of concrete or cement

paste resulting in more realistic temperatures. The adiabatic conditions simulate the

curing conditions at the centre of a large mass of concrete at early ages. In order to
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predict the temperature distributions in structures during hydration, this method is

preferred due to its ease of measurement. The rate of heat of hydration can be

obtained from the product of specific heat, density of the concrete and the rate of

change of the measured adiabatic temperature curve. Some researchers have

attempted to create an "adiabatic condition" by placing the concrete specimen in an

insulated box. This however results in a lower rate of hydration and a lower peak

temperature due to heat loss. A test setup was designed and constructed in this

research program (see Chapter 3) to create adiabatic conditions for normal, medium

and high-strength concretes.

2.1.2 Concept of Maturity Functions and Equivalent Age

It is weil known that the rate of the hydration reaction increases with increasing

temperature during hydration. This effect has a significant influence on the material

properties. It has been reported by Regourd and Gautier (1980) that the rate of

hydration depends on the amount of heat already developed and the current

temperature. The term "maturity" or "equivalent age" is typically used to account for

the combined effect of both time and temperature (Nurse (1949). The combined effect

of time and temperature, including the history of temperature development, is

represented by so-called maturity functions. A number of maturity functions have been

proposed in the literature and are weil documented by Byfors (1980). The most

commonly used maturity functions are reviewed below:

(a) Nurse-Saul Temperature Function

A temperature of -10°C is widely used as a datum temperature below which

there is no hydration (Byfors (1980)). In 1949, Nurse found that there exists a

proportionality between the rate of heat of hydration and temperature and he assumed

that hydration ceases at OOC. In 1953, Bergstrom proposed a temperature function,

H(T), based on the experimental data that hydration ceases at about -10°C, and

proposed a temperature function in the following form:

8
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20+10

12.2)

where T is the concrete temperature in oC. This function gained wide spread use and

was adopted in the CEB-FIP Code (1978). It has been pointed OU! by Byfors (1980)

and Naik i1985) that this function does not fit the experimental data for very early age

concrete (i.e., at lower temperatures).

(b) Rastrup Temperature Function

ln 1954, Rastrup proposed a temperature fur.ction which assumes that the rate

of chemical reaction doubles for each 10°C increase in temperature. This is expressed

as:

(~)
H(T)= 2 10

(2.3)

where T is the temperature in oC. This function is suitable for temperatures below 40

Oc since it increases too rapidly for higher temperatures (Neville 11 981 )).

(c) Arrhenius' Maturity Function

The most commonly accepted maturity function is the one described by

Freiesleben Hansen and Pedersen (1977), based on the Arrhenius equation for thermal

activation in chemical reactions. The degree of hydration, a, is defined as the ratio

between the quantity of heat developed to the quantity of heat developed at complete

hydration and hence ranges from 0 to 1. The rate of hydration is expressed as:

F = da
dt

12.4)

Freiesleben Hansen and Pedersen (1977) expressed the rate of hydration, F, for

a given cement paste at a given degree of hydration as:

F = da = g(a) x f(T)
dt

(2.5)

•
where gla) is a function of the degree of hydration and fIT) is a function of T at time

9



• t. Thus. by separation of variables and integration:

J
a _1_ da = GIa) = JTflTltlldt
° gla) °

12.6)

The function flTlt)) in Eq. 2.6 is often normalized with the value of the function at a

reference temperature, T0' as given by:

H - fITlt))
0- flTo) 12.7)

where the function Ho is the temperature function. If the curing temperature

development, Tlt), is compared with a process occurring at a constant reference

temperature, T0' Inormally 20°C) at the same degree of hydration, then G(a) is the

sar1~ for both processes and can be written as:

The maturity or equivalent age, te' at time t = T, is defined as:

t = rTfITlt)) dt= rTH (T)dt
e Jo fIT0) Jo °

12.8)

(2.9)

For example, a maturity of 48 hours means that the concrete has reached a

degree of hydration corresponding to 48 hours of curing at the reference temperature,

usually taken as 20°C. Studies carried out by several researchers IRegourd and Gautier

(1980), Byfors (1980), Carino (1982)) on strength development and heat of hydration

of ordinary portland cement have verified the accuracy of Arrhenius' function. This

function has been adopted by the CEB·FIP Code (1990) and is used in this study to

account for temperatures at early ages. The function proposed by Freiesleben Hansen

and Pedersen (1977), based on Arrhenius' approach, is of the following form:

•
where

f(T) =exp [ __E_]
R TK

= Activation energy parameter

= Temperature of concrete in oK

10
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• R = Gas constant, S.314 kJ/mol-oK

Arrhenius' equation is applicable for temperatures ranging from ·10 to SOoC. Using

Equation (2.101 and a reference temperature of 20°C, the maturity function, HIT) can

be written as:

HITl-X[E[1- 1]]-e p R 293 T+273
(2.111

The energy activation parameter, E, depends on the chemical composition of the

cement. Since the hydration reaction between cement and water involves different

chemical reactions taking place simultaneously, it is difficult to determine E

experimentally. Feiesleben Hansen and Pedersen (1977) have expressed the activation

energy in the following form:

E (Tl = 33.5 kJ/mol for T ~ 20°C

E (Tl = 33.5 + 1.47 (20· T) for T < 20°C

ln the CEB-FtP Code (19901. an average Evalue was chosen as 33 kJ/mol for

temperature ranges from 0 to 80°C, for simplicity. For example, if the activation

energy is 33.5 kJ/mol and the reference temperature is 20°C. The temperature

function (Eq. (2.11)) at 25°C is:

H (250 CI = exp [33500/8.314(1/293·1/298)] = 1.26

This means that the rate of hardening at a temperature of 25°C is 1.26 times

that at 20°C. Therefore, a given concrete mix cured at 25°C for 1 day has the same

maturity as that cured at 20°C for 1.26 days.

2.1.3 Application of "Equivalent Age" or "Maturity" of Concrete

The development of the strength of concrete with age, under different curing

temperatures, has been investigated by several researchers (Byfors (19801. Carino

(1 982), Malhotra (1974)). The effect of varying temperatures and age has been

described in terms of an "equivalent" or "mature" age, te' defined as;

(2.12)

•
Using the Arrhenius maturity function, this becomes
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• t = ft x [E [ 1 _ 1 ]] dt
e 0 e p R 293 T+273

(2.13)

•

During hydration, the temperature typically varies significantly in the concrete, being

warmer at the centre of the concrete section. This results in a variation of the (;oncrete

temperature across the concrete section. Hence regions near the centre of the section

will gain strength more quickly than regions near the surface. In order to predict the

strength development with age, it is important to keep track of the temperature history

of each element within the concrete section. The maturity or equivalent age concept.

which conveniently accounts for temperature history. can be used to express the

variations of the concrete material properties (i.e.• compressive strength. modulus of

elasticity. tensile strength. etc.) with time in each element. Figure 2.2a shows the

compressive strength gain of 100 x 100 x 400 mm prisms. made with the same

concrete (water/cement ratio of 0.58) but moist cured at different curing temperatures.

It can be seen from this figure that different initial curing temperatures have resulted

in different rates of strength gain. Figure 2.2b shows the variation of compressive

strength versus the mature age calculated by Arrhenius' function for maturity. As can

be seen the use of mature age can account for widely varying temperature effects.

enabling the compressive strength gain to be described by a single time function.

2.1.4 Thermal Conductivity of Concrete

The thermal conductivity of concrete is one of the key parameters needed to

predict the temperature variations in concrete. Concrete is a composition of different

components which have very different thermal conductivity values. Very Iimited

information is available on thermal conductivity of concrete at very early ages, and in

particular no data is available on the conductivity of high-strength concrete. The

different concrete components. given in decreasing order of conductivity (Neville

(1981 li are:

i. Aggregate

ii. Cement paste

iii. Water

iv. Air
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ACI Committee 211 (1988) reported that the thermal condllctivity varies with

the density of concrete, with heavier aggregates resulting in higher thermal

conductivity. Since the thermal conductivity of water and air are quite different than

that of the hydration product, it is expected that the thermal conductivity will change

during the early period of hydration. The mineralogical composition of aggregates

affect the thermal conductivity to a great extent as reported by the RILEM Technical

Committee No. 42 (1 981 ). The moisture content of the concrete strongly influences

the conductivity at very early ages, because water has a lower conductivity than the

aggregates, which occupy about 70% of the volume of concrete. The lower water­

cement ratio and denser cement matrix in high-strength concrete could result in higher

thermal conductivity than that measured in lower strength concrete. There are very

few experimental methods available to measure the conductivity of fresh concrete.

Contradictory results are available on the thermal conductivity of concrete at early ages

(Brown and Javaid (1970), RILEM Committee No. 42 (1981), and Byfors (1980)).

Brown and Javaid (1970) studied the thermal conductivity of very early age concrete,

that is, from 6 hours to 7 days. For this concrete with a water-cement ratio of 0.65,

the thermal conductivity varied from 2.176 W/m-oC at 6 hours to 1.515 W/m-oC at 7

days, thus resulted in a drop of 30% from its initial value during this period. Over this

period, the moisture content varied from 9.3% to 1.5% and the density of the concrete

varied from 2334 kg/m3 to 2170 kg/m3• This significant drop in moisture content

would Iikely result in a drop of conductivity. Lofqvist (1 946) did not observe any

influence of age on thermal conductivity after an age of 24 hours. Byfors (1 980) and

RILEM Committee No. 42 (1981) concluded that there was no significant change in

conductivity with age. In order to study this important parameter, thermal

conductivities of different concretes were measured at very early ages, as weil as for

mature concrete. These results are presented in Chapter 3.

2.1.5 Specifie Heat of Concrete

Specific heat is defined as the amount of heat energy required to raise the

temperature of a unit mass of a material by one degree. The specific heat of concrete

depends on its constituents. It is a function of the concrete composition and the type

of aggregates used, but is not significantly effected by the mineralogical character of
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the aggregates. Unhydrated cement and most aggregates have specific heat values

of about 0.8 kJ/kg_oC. while the specific heat of water is about 5 times higher (Le.•

4.2 kJ/kg_oC). This means an increase in moisture content will increase the specific

heat of concrete. Brown and Javaid (1970) reported that the specific heat for normal­

strength concrete (water-cement ratio of 0.65) varied from 1.15 to 0.89 kJ/kg-OC at

ages varying from 6 hours to 7 days. respectively. A significant drop of moisture

content was also observed during this period which probably resulted in reducing the

specific heat. Tests done by Lofqvist (1 946) on cement mortar at ages from 3 days

to 30 days with a water-cement ratio of 0.55 showed almost no influence of age on

the specific heat. Hansen et al (1 982) reported a decrease in specific heat of about

15 % from a few hours after casting to an age of 5 days. These tests were conducted

on rapid hardening portland cement paste with a water-cement ratio of 0.50. at a

temperature of 30°C. RILEM Comminee No. 42 (1981) and Mindess and Young

(1 981 ) reported results on thermal conductivity and specific heat of relatively mature

concrete. They found that specific heat varies only 8 % for different types of

aggregates. An increase in water content from 4 to 8% resulted in a 12% increase in

specific heat. while an increase in temperature from 10 to 65°C resulted in increases

in specific heat of 24%. Generally. the specific heat of normal strength. mature,

concrete varies from 0.8 to 1.2 kJ/kg-OC (Mindess and Young (1981)). No test data

was found in the Iiterature on the specific heat of high-strength concrete.

2.1.6 Thermal Diffusivity of Concrete

The thermal diffusivity of concrete is defined as the ratio of thermal conductivity

to the product of density and specific heat of concrete. that is, Alpc. ACI Cumminee

207 (1992) has reported the diffusivity values for different types of aggregates used

in normal-strength concrete mixes.

2.1.7 Coefficient of Thermal Expansion

Factors influencing the coefficient of thermal expansion such as the type and

amount of cement, type of aggregate, water-cement ratio, age and temperature have

been discussed by many researchers. The cement paste of normal concrete usually

has a higher coefficient ofthermal expansion than the aggregate, but the aggregate has

14



•

•

a dominant effect because of its large volume in concrete mix (normally 70 to 80%) .

The coefficient of thermal expansion of concrete is approximately equal to the

volumetrically weighted average of the coefficients of its ingredients (Walker et al

(1952), Mitchell (1953)). Lofqvist (1946) studied the effect of heating and cooling

cycles on the coefficient of thermal change (i.e., expansion during heating and

contraction during coolingl. They observed a linear relationship between the

temperature and the coefficient of thermal change. It was reported that the coefficient

of thermal expansion is slightly greater during heating than during the cooling cycle.

Alexander (1972). Weigler and Karl (19741, Meyers (1950) and Miao et al (1993)

observed significant age dependency of the coefficient of thermal expansion during the

first few hours after casting. Miao et al (1993) reported a coefficient of thermal

expansion of about 24 x 10-6/oC at 7 hours after casting (water-cement ratio of 0.28,

Dolomite Iimestone aggregates and 28 day compressive strength of 73 MPa) which

stabilized to 10 x 10-6 at 13 hours after casting. According to ACI Committee 517

(19B8) the coefficient of thermal expansion of fresh concrete is several times higher

than that of hardened concrete. It decreases sharply during the first ten hours of

hydration and then remains constant. At ages greater than 1 day, no effect of age on

the coefficient of thermal expansion has been observed. An average value of the

coefficient of thermal expansion of normal weight concrete varied from 7 x 10-6to 14

x 10-6 depending on the type of aggregates used. It must be pointed out that the

same type of aggregate from different sources may have different coefficients of

thermal expansion. This is probably due to the varying minerai compositions. If the

aggregate type is not known, it is customary to use 10 x 10-6fC for hardened

concrete (Collins and Mitchell (1991)). More information is required on the coefficient

of thermal expansion for high·strength concrete.

2.2 Mechanical Properties of Concrete

2.2.1 Compressive Stress-Strain Relationships at Early Ages

Kasai (1961) and Byfors (19BOI in studying the early age stress-strain

relationships of normal·strength concrete described a significant change in shape of the

concrete stress-strain curves a few hours after casting. It is reported that both the

strength and the modulus of elasticity of concrete increase rapidly during the first few

15



•

•

hours after casting due to the rapid increase in the heat of hydration reactiorl. Byfors

11980) did not report the complete stress-strain responses and the tests were halted

at the peak compressive strength values. Oluokun et al (1991) performed compressive

strength tests on 152 x 304 mm cylinders for ages ranging from 6 hours to 28 days

for normal and medium-strength concretes. However, no information on the complete

stress-strain relationships of these concretes was given. There is a need to investigate

the complete stress-strain relationships of medium and high-strength concretes at very

earlyage.

2.2.2 Compressive Strength Variation with Age

Figure 2.3 shows the schematic representation of strength gain with age. This

figure can be divided into four stages, that is, a sening age (fresh concrete), an early

age stage, an intermediate stage and a hardened concrete stage. The sening age for

normal strength concrete occurs within a few hours after casting. During the "early

age" period, that is, in the first three days, there is a rapid gain in strength and

stiffness. At 28 days, a greater percentage of the maximum strength anainable will

be reached by normal-strength concrete than by high-strength concrete. High-strength

concrete will continue to gain strength after this period.

Temperature influences the hydration process, and consequently the properties

of the concrete, to a considerable extent. As discussed in Section 2.1.3, concrete

compressive strength development can be expressed in terms of an equivalent age to

account for the combined effects of temperature and age. A number of strength

functions have been suggested by different researchers to describe the strength

development, as a function of age or equivalent age (e.g., Cook et al (1992), Byfors

(1980), CEB-FI? Code (1990)).

High initial curing temperatures at early ages can lead to lower strength in the

hardened concrete, as mentioned by several researchers (Klieger (1958), Verbeck and

Helmuth (1968), Alexanderson (1972), Byfors (1980), Kjellsen and Detwiler (1993)).

Figure 2.4 shows the effect of curing temperatures on the 1 day and 28 day concrete

compressive strengths (Byfors (1980)). These specimens were cured at constant

temperatures for 1 day and 28 days. The 1 day compressive strength of concrete

increases with an increase in temperature because higher curing temperatures result
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in higher rates of hydration reaction at early ages. However. Byfors observed a drop

in the 28 day concrete compressive strength with increasing temperatures of curing

(see Fig. 2.4).

The gain in concrete compressive strength is also affected by the curing

conditions. Aitcin et al (1994) investigated the effe.;~ of curing conditions (i.e.. moist.

sealed and air-dried curingl on the compressive strength gain for ages varying from one

day to one year. It was found that water-cured cylinders gave higher compressive

strengths than sealed cylinders, which in turn gave higher compressive strengths than

air-cured cylinders.

Yuan et al (1991) studied the influence of high-strength concrete on the

temperature development and in situ compressive strength in large concrete columns

(1.8 x 1.8 x 1.8 m highl. The compressive strengths obtained from the core samples

were compared to the compressive strengths obtained from standard moist and air­

cured cylinders. Temperature rises of 55 and 54°C were observed at the centre of the

concrete columns, which were cast at initial concrete temperatures of 33 and 40°C,

respectively. The concrete contained fly ash and had average 2B day compressive

strengths, obtained from moist-cured 152 x 304 mm cylinders of B1 MPa and B3 MPa.

It was concluded that the core compressive strengths are about 75% and 85% of the

compressive strengths of moist-cured and field-cured cylinders, respectively.

Cook et al (1992) studied the influence of concrete strength on temperature rise

and restraint stresses due to high thermal gradients during hydration in large plain

concrete columns, 1 x 1 x 2 m high. Miao et al (1993) reported on the compressive

strength of core cylinders taken from the same concrete columns. These core

strengths were compared with water-cured and air-cured cylinders for three different

concrete mixes. The measured core compressive strength was found to be between

the water-cured and the air-cured cylinder strengths.

It has been reported by several researchers (Lessard et al (1993), Malhotra

(1976), Blick (1973), Sigvaldason (1966), Werner 11958J) that the concrete

compressive strength is greatly influenced by the following factors:

i. Stiffness of the testing apparatus

ii. Specimen size and shape

iii. Bearing block diameter
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IV. Specimen end preparation

v. Effect of eccentricity between the testing machine and specimen axis

VI. Type of mold and curing conditions

Recently, Lessard et al (1993) studied the effects of the above mentioned

parameters on the compressive strength of high-strength concrete. The study was

conducted on 378 concrete cylinders havin9 sizes of 150 x 300 mm and 100 x 200

mm. It has been reported that the compressive strength of the high-strength concrete

decreases with the increase in size. The compressive strength of the normal and high­

strength concretes was not affected by the eccentricity with respect tO the vertical axis

of testing machine provided that the eccentricity was kept below 6 mm for normal­

strength concrete and below 4 mm for high-strength concrete. Lessard et al (1993)

also reported that specimens having concrete compressive stren9ths above 100 MPa

should have their ends ground to enable a more accurate determination of the

compressive strength. For the CSA A23.1 Standard (1994), Bickley (1993) proposed

that end 9rinding of specimens, made of high-strength concrete (i.e., 2B day

compressive strength of 70 MPa or greater), be mandatory.

2.2.3 Tensile Strength Variation with Age

ln order to asses the potential for cracking in concrete structures, it is vital to

predict the tensile strength of the concrete. The tensile strength of concrete can be

determined by three distinct methods, that is, the uniaxial tension test, the splitting

tensile test and the modulus of rupture test. The uniaxial tension test (or direct tension

test) is seldom carried out due to the difficulty involved in the test set-up.

A significant amount of experimental data is available on the tensile strength of

normal-strength concrete at ages varying from 1 day to 28 days. However, there is

not much data on the tensile strength of concrete at very early ages. A brief summary

of the research carried out to determine the influence of concrete compressive strength

and curing conditions on the tensile strength is given below.

Gonnerman and Shuman (1928) conducted a series of tests on 178 x 254 x

965 mm plain conCrete beams with average compressive strengths varying from 6.9

MPa to 62 MPa. It was concluded that moist curing resulted in higher values of

modulus of rupture than air-dried specimens•
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Kaplan 11959) conducted an experimental study to determine the effects of the

properties of 13 different types of coarse aggregates on the flexural and compressive

strength of concrete. The 28·day concrete compressive strengths varied from 19.6

MPa to 79 MPa. He reported that the elastic modulus of the aggregates was the most

important factor influencing the modulus of rupture. Depending on t:,e aggregates. a

40% difference in flexural strengths was found for the same concrete mix.

Grieb and Werner (1962) reported on flexural strengths obtained from testing

152 x 152 x 533 mm beams. It was observed that the tensile strength was more

affected by a change in the curing conditions (i.e.• drying vs. moist curing) than by a

change in the compressive strength.

Jerome (1984) examined 12.000 individual results for direct tension. split·

cylinder and modulus of rupture tests. He proposed that the modulus of rupture be

taken as 0.44 (f~)2i3. in MPa units. where f~ is the concrete compressive strength.

This relationship was proposed for concrete compressive strengths up to 62 MPa. The

same relationship was recommended by Shah and Ahmad (1985) for predicting the

modulus of rupture for concrete compressive strengths up to 83 MPa. ACI Comminee

435 (1968) suggested that the modulus of rupture be taken between 0.62 ';f~ and

0.99 \If~. in MPa units. for normal-weight concrete.

Carrasquillo et al (1981) suggested that the modulus of rupture. for concrete

compressive strengths ranging from 21 MPa to 83 MPa. be calculated as 0.97 Ife. in

MPa units. The flexural strength tests were carried out on 102 x 102 x 356 mm

beams. loaded at their third points. For the high-strength concrete specimens. a

maximum reduction of 26% in the 28-day modulus of rupture was observed when the

specimens were subjected to drying alter 7 days of moist curing. It was also reported

that high·strength concrete is more sensitive to drying than normal-strength concrete.

Bakhsh et al (1990) expressed the modulus of rupture as 0.8 Ife. in MPa units.

which gives a strength between the value given in the ACI Code (1983) and that

proposed by Nilson (1988). This proposed expression was intended for concrete

compressive strengths in the range of 40 to 90 MPa. ACI Comminee 363 (1984)

reported that the modulus of rupture for both Iight-weight and normal·weight high­

strength concretes fall in the range of 0.62 \~to 0.99 ~. in MPa units.

Burg and Ost (1992) conducted modulus of rupture tests at 91 days on 152 x
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• 152 x 762 mm concrete beams, using different high-strength concrete mixes, under

both moist and air-dried curing conditions. The average modulus of rupture results

were plotted versus the square root of the corresponding concrete compressive

strengths. It was reported that slopes of the fitted lines were similar to those

recommended by ACI Committee 363 (1984), which were based on the work of

Carrasquillo et al (1 981 ).

Wafa and Ashour (1992) performed flexural strength tests on 150 x 150 x 530

mm and 100 x 100 x 350 mm plain concrete beams loaded at their third points. The

modulus of rupture was expressed as 1.03ft;;, in MPa units, for beams with 100 mm

square cross-sections made from high-strength concrete. In addition, Aitcin et al

(1988) proposed that the modulus of rupture of high-strength concrete be taken as

1.1 5ft;;, in MPa units.

2.2.4 Modulus of Elasticity

The modulus of elasticity of concrete is normally expressed as a function of the

concrete compressive strength. Hansen (1956), Gunzler (1970), Lew and Reichard

(1978), Byfors (1980) and Oluokun et al (1991) carried out research to study the

change in elastic modulus with concrete compressive strength at early ages. Most of

the above mentioned studies were carried out on normal-strength concrete mixes.

Limited information is available on the change of elastic modulus for high-strength

concrete, at early ages, subjected to different curing conditions. The elastic modulus

of concrete is affected bythe water-cementratio, temperature, cement type, properties

of aggregates and curing conditions (Byfors (1 980), Zia et al (1991), ACI Comminee

363 (1984), Collins and Mitchell (1990)).

The ACI Code (1983) expressed the elastic modulus in terms of the concrete

compressive strength as:

(2.14)

•
where

w = unit weight of concrete in kg/m3

f'c = concrete compressive strength in MPa

ACI Committee 363 (1992) and the CSA Standard (1994) have adopted the
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• Carrasquillo et al (1981) expression for the elastic modulus. This is given as:

(2.15)

•

where Yc is the density of concrete in kg/m3.

2.2.5 Shrinkage of Concrete

Shrinkage is defined as the decrease in concrete volume in the absence of stress

and is mainly attributed to drying shrinkage due to the 1055 of moisture. Plastic or

capillary shrinkage is a special case of drying shrinkage when the concrete is in its

fresh state. It occurs as a result of capillary forces in the fresh concrete due to Joss

of moisture. Moisture loss can also occur during hydration due to the consumption of

water. which causes a contraction of volume. referred to as autogenous. hydration or

self-desiccation shrinkage. Since this type of shrinkage occurs without moisture

exchange, it is measured on sealed specimens. The magnitude of autogenous

shrinkage depends strongly on the water-cement ratio. For very high water-cement

ratios, there is no autogenous shrinkage (van Breugel (1 982)), whereas for very low

water-cement ratios. autogenous shrinkage is a major part of the total shrinkage.

particularly in high-strength concrete mixes (De larrard and Roy (1992)). Baron

(1971) reported the difterent phases involved in autogenous shrinkage as shown in Fig.

2.5. The curve is mainly defined by three major parts, that is, primary autogenous

shrinkage, chemical swelling and secondary autogenous shr:nkage. Primary

autogenous shrinkage starts 1 to 3 hours after casting and lasts from 2 to 4 hours.

The magnitude of primary autogenous shrinkage varies with the concrete mix design

and the water-cement ratio (RllEM Committee No. 42 (1981)). Primary autogenous

shrinkage may not cause stresses because of the low modulus in the plastic state of

the concrete. As soon as the elastic modulus of concrete starts increasing, stresses

build up during the temperature increase. Chemical swelling can last from 10 to 20

hours and strongly depends on the type of cement. Additional stresses may occur due

to chemical swelling, while the concrete temperature is rising. Secondary autogenous

shrinkage starts after the chemical swelling. If the rate of secondary shrinkage is high,

the risk of cracking after setting increases due to the restraint tensile stresses in the
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• concrete (Baron (1971 Il .

Carbonation shrinkage is another type of shrinkage which is caused by the

chemical reaction between hydrated cement products and carbon dioxide in the air.

ln practical design, autogenous and carbonation shrinkage are typically ignored.

ln concrete structures, the rate of drying is affected by the size, shape of the

member and the curing conditions. Pickett (1942) and Nagamatsu et al (19811

reported that drying shrinkage is basically proportional to the amount of water loss.

Shrinkage of concrete is mainly affected by the following factors:

i. Composition of concrete

ii. Member size

iii. Member shape

iv. Curing conditions

v. Relative humidity

vi. Ambient temperature

It has been generally observed that an increase in water content, water-cement

ratio, cement paste proportion and/or temperature will increase the shril"\kage of

concrete. An increase in aggregate content, relative humidity, and/or stiffness will

decrease the shrinkage. Shrinkage of concrete is assumed to occur in the cement

paste, with the aggregate being an inert constituent of the concrete which restrains the

shrinkage. However, Neville (1981) reported that some aggregates may also shrink.

Troxell et al (1958) reported that shrinkage of concrete made with sandstone

aggregates can be approximately 2-3 times larger than the shrinkage of concrete made

with quartz aggregates.

Due to the low moisture diffusivity of concrete, the shrinkage of concrete is

greater at the surface than the interior of the member, especially at early ages. This

differential shrinkage effect can cause tensile stresses at the surface and compressive

stresses in the interior of the member. In addition, the concrete strength is lower at

the surface than in the interior. If the developed tensile stresses exceed the tensile

strength, then surface cracking will result.

•
2.2.6 Early-AgeShrinkage

Early-age shrinkage and swelling play an important role in the development of
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early-age stresses, and hence affect the serviceability and durability of the mature

concrete. Early age volume changes can be affected by the initial concrete

temperature, cement content, and the type and composition of cement

(Springenschmid and Breitenbucher (1991)). Shrinkage of early age concrete is

different in nature from shrinkage of hardened concrete due to hydration. Plastic

shrinkage cracks may develop at the surface of the concrete, under drying conditions,

during the first six hours after casting (Kasai et al (1982)). The propagation of these

cracks ceases due to the formation of the hydration product. Plastic shrinkage of

concrete at early ages causes very Iittle stress due to the low stiffness of the concrete

during the first few hours after casting. It is very difficult to assess the stress at very

early ages (Machida and Uehara (1987)). In 1982, Kasai et al (1982) reported that

concrete exposed to drying at a very early age resulted in much higher shrinkage

(plastic shrinkage) than concrete exposed to drying at a later age, although there was

not much difference in the total water loss.

The effect of temperature is somewhat different for early age concrete than for

mature concrete. It is known that the rate of hydration reaction between cement and

water accelerates due to the increase in temperature, which in turn increases the rate

of formation of hydration products. An increase in temperature at very early age will

increase the rate of evaporation, however the shrinkage of very young concrete will

actually be less due to the resistance provided by the earlier gain in strength. Kasai et

al (1982) reported that concrete cured at 30°C shrinks less than the concrete cured at

20°C from 3 to 24 hours. An increase in tempcrature on hardened concrete results in

a higher rate of shrinkage and a higher ultimate shrinkage strain (Neville (1 981 ), Bazant

(1988)). According to Bazant and Panula (1979), water diffusion is a thermal

activation process. Water molecules in concrete are in a higher state of energy at

higher temperatures and therefore can escape to the air more easily by breaking the

various bonding forces. The CEB-FIP Code (1990) proposed a simple model which

takes into account the effect of temperature on both the rate of shrinkage and the

ultimate shrinkage.

Early age shrinkage is a very complex phenomenon. Shrinkage of concrete will

be non-uniform within a cross-section, particularly at very early ages when the rate of

shrinkage on the exposed surfaces is significant. This differential shrinkage will induce
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tensile stresses at the outer surface and compressive stresses at the interior of the

member. In a traditional shrinkage test, the measured average shrinkage strain is the

combined effect of free shrinkage and strains induced by restraint stresses. The

average shrinkage strain is typically used in structural analyses for determining

deflection, restraint forces and prestress losses. Differentiai shrinkage of concrete can

have a significant effect on the deformations of the structural members. Indirect

methods were employed by Bazant and Najjar (1972) to assess the diHerential

shrinkage in terms of water and pore humidity distributions. Sakata (1983) and Bazant

et al (1987) expressed the moisture distribution or free shrinkage as a function of the

drying time.

A number of models have been proposed to predict the shrinkage of concrete.

The most weil known models are documented in the CEB-FIP Code (1990) and by ACI

Committee 209 (1992). In addition considerable analytical work was carried out by

Bazant and Panula (1979, 1982). These empirical models are based on experimental

data of hardened concrete. In 1989, Wang and Dilger (1989) performed a comparative

study of these models. They found that the shrinkage predictions using the CEB-FIP

Code (1990) expressions were the most suitable for situations encountered by many

designers and practitioners. The same conclusions were presented by Muller (1992).

The main drawback for predicting shrinkage strains using the ACI Committee 209

(1992) equation is the assumption that the rate of shrinkage is independent of member

size. Hence, this method can significantly underestimate the shrinkage ra,e in thin

members and can overestimate the shrinkage rate in large members (Wang and Dilger

(1989)). It is important to point out that there is very Iimited data available on the

early-age shrinkage of concrete, particularly for high-strength concrete. An

experimental study was carried out in this research program to examine the early-age

shrinkage behaviour of normal, medium and high-strength concretes.

2.2.7 Creep of Concrete

Early-age creep of concrete has a significant effect in reducing stresses induced

during the hYdration period. Creep is defined as a continuous increase in strain under

constant stress. Traditionally, creep is expressed either by a creep coefficient or a

creep function. The creep coefficient is defined as the ratio of creep strain to the
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instantaneous strain. The ultimate creep coefficient for normal strength concrete varies

from about 2 to 4. The creep function. sometimes called creep compliance. is defined

as the total strain (i.e.• elastic plus creep strain) per unit stress. Extensive rest:arch has

been carried out to study the phenomenon of creep in mature concrete. These

investigations have been summarized by Bazant and Carol (1993). ACI Committee 209

(1992). CEB-FIP (19901. Neville et al (1983). Bazam and Wittmann (1982). and Neville

and Dilger (1970).

Creep of concrete is a complex problem. especially at very early ages. due to

the complexity of the material (Neville et al (1983). RILEM (1981)). Aside from the

non-Iinearity and non-homogeneity of concrete, the properties of concrete change very

rapidly during the early period of hydration. which makes this phenomenon more

complex and highly dependent on maturity and moisture.

To account for the influence of moisture, creep of concrete is divided into .. basic

creep" and"drying creep". Basic creep of concrete is defined as the creep of concrete

in a perfectly sealed condition. It is interesting to note that the creep of concrete in

a fully saturated condition (i.e., underwaterl is not the basic creep, because there is an

exchange of water.

Drying creep. sometimes called the Picket effect, is the additional creep caused

by moisture loss under constant stress. It is typically assumed that creep and

shrinkage are phenomena which do not interact. and hence the total strain can be

obtained by summing up the individual effects of creep and shrinkage strains. Bazant

(1988l has observed that this approach may underestimate the total strain.

Like shrinkage. creep can affect the serviceability and durability of concrete

structures (Wang and Dilger (1989)). The deflection control criteria in design

necessitate the consideration of creep. Creep can be beneficial in relieving stresses

caused by thermal and shrinkage gradients, while it can also lead to significant

prestress losses in prestressed concrete members.

According to ACI Committee 209 (l992l and Neville et al (l983l, creep of

concrete is influenced by the following factors:

i. Concrete composition

ii. Loading age

iii. Temperature
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• iv.

v.

Loading duration

Moisture condition

•

vi. Stress level

It is pointed out by Troxell et al (1958) that increasing the aggregate stiffness

plays an important role in reducing the creep of concrete. For example, the creep of

concrete made with sandstone aggregates is 2 to 3 times more than the same mix

under similar conditions made with limestone aggregates. It is generally assumed that

most aggregates, except sandstone, do not creep. It must be pointed out that the vast

majority of studies were conducted on relatively mature concrete specimens, typically

at least 7 or 28 days old.

Temperature has a two·fold effect on creep. An increase in temperature gives

increased creep for mature concrete, while for hydrating concrete a temperature

increase gives increased concrete strength and hence reduced creep. It has been

reported that creep of mature concrete will be 2 to 3 times larger at 50°C than at room

temperature (ACI Committee 209 (1992)).

2.2.8 Early-Age Creep of Concrete

During the hydration process, large thermal and shrinkage gradients can cause

stresses which are significantly affected by creep of concrete. It is a weil established

phenomenon that creep of hydrating concrete decreases with age of loading. Earlier

loading age results in higher values of elastic and creep strains due to the lower

modulus of the concrete. Very early loading may also result in higher rates of creep

in the mature concrete (Bazant (1988)). The behaviour and mechanism of the creep

of concrete loaded at very early ages is not weil understood (RILEM (1981), Neville et

al (1983)).

Figure 2.6 shows a schematic representation of the factors affecti:lg creep

(Byfors (1980)). According to Neville (1981), creep in hardened concrete is

proportional to the stress level for stresses up to 40% of the strength. If a constant

stress is applied at very early ages, the subsequent hydration process results in a gain

of concrete strength and hence reduetion of the stress level.

ln order to account for creep at early ages in numerical simulations, it is

necessary to make sorne assumptions due to the complexity of the creep phenomenon•
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Uniform concrete material properties are often assumed throughout the cross-section

to simplify the problem of predicting stresses. However, a step-by-step analysis can

be carried out to take into account the variation in the time domain of Temperature,

creep, shrinkage, strength and stiffness at different locations in the cross-section.

Details on the analyses are presented in Chapters 5 and 6.

2.2.9 Poisson's Ratio

Very limited information is available on Poisson's ratio of concrete at early ages.

Gunzler (1970) reported that there was no effect of age on Poisson's ratio at ages from

15 hours to 30 hours_ Oluokun et al (1990) concluded that Poisson's ratio is not

affected by age or concrete strength, as suggested by other researchers (Perenchio and

Klieger (1978). Carrasquillo et al (1981), Klink (1985), NRMCA (1992))_ Oluokun et

al (1990) found an average Possion's ratio value of 0.19 for concrete mixes with 28­

day concrete strengths of 28 MPa to 61 MPa, with ages varying from 12 hours to 28

days. However, Byfors (1980) concluded that Poisson's ratio is lower at early ages,

that is, for f'c of 1 MPa, and increases with increasing age and strength•
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Table 2.1 - Total heat of hydration for four clinker components

(Rasmussen and Andersen (1989))

1
Clinker Components

1
C3S

1
C2S

1
C3A

1
C4 AF

1

heat of hydration· (Jfg) 499 256 720 302

• Temperature of 23°C, water-cement ratio of 0.45 and cement fineness of

3,100 cm2fg.

:545
Cl
c:
l!!
(jj 30
~

"iii
U>
Q)a 15
E
o

(.,)

7 28 90 180 360
Age (days)

Figure 2.1 - Strength gain for different clinker components (Bogue (1947»
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Chapter 3

Thermal Properties of Normal, Medium and High­

Strength Concretes

ln the last few years, cement characteristics have changed substantially. The

strength and fineness have increased, necessitating studies on the physical properties.

ln predicting the temperature variations in structural members, it is necessary to

determine the thermal properties of concrete. The increased use of high-strength

concrete in the construction industry has accentuated the need to investigate the

thermal properties of high-strength concrete mixes. It must be pointed out that the

composition of normal-strength concrete varies over a wide range, and may have

significant variations in thermal properties in different regions of the country. During

the early period of hydration, it is expected that the thermal properties of concrete may

undergo significant changes. Thus, experimental studies were carried out to

investigate the thermal properties of normal, medium and high-strength concretes at

both early ages and in the hardened state. The results from these studies are

presented in the following sections.

3.1 Concrete Materials

ln order to distinguish between the three different types of concretes, they will

be referred to as the 30 (normal-strength), 70 (medium-strengthl and 100 MPa (high­

strength) concretes (i.e., the approximate 28-day concrete strengths)•
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3.1.1 Cement

Ordinary Portland Cement. CAN/CSA-A23.1-M90Type 10 (ASTM Type Il. was

used for 30 MPa concrete. A blended Type 10 cement. containing 7-8% and 8-9% of

silica fume by volume. was used for the 70 and 100 MPa concretes. respectively.

3.1.2 Fine and Coarse Aggregates

Limestone coarse aggregates were used for ail of the concrete mixes. having

maximum aggregate sizes of 20. 10 and 6 mm for the 30. 70 and 100 MPa concretes.

respectively. The Coarse aggregates had a specifie gravity of 2.69 and absorption of

0.6. One type of river sand. from the Lafarge St. Gabriel pit. having a fineness

rnodulus of 2.55 and specifie gravity of 2.68. was used for ail the mixes in this

research program. The fine and coarse aggregates were obtained from the same

source.

3.1.3 Admixture~

Only the normal-strength concrete contained an air-entraining agent (see Table

3.1). Due to the low water-cement ratios in the medium and high-strength concretes.

the workability was achieved by using admixtures. An aqueous solution of sulfonated

naphthalene formaldehyde condensate superplasticizer (Conchem SPN) and an aqueous

solution of lignosulfonates and an organic accelerator (Conehem 25 XL) were used for

the medium and high-strength concretes. These admixtures contained 60% water and

40% solids. Hence in the mix design. the required amount of water was reduced to

account for the presence of water in the admixtures.

3.2 Concrete Mix Proportions, Batching and Casting

Table 3.1 presents the details of the composition and the fresh concrete

properties of the three types of mixes used in this testing program. The concrete was

prepared in a concrete mixer in small batches. Trial batches were made to achieve the

desired concrete compressive strengths and slight adjustments in the mix design were

made. if necessary. Before making the concrete, the moisture content of the fine and

the coarse aggregates were measured and the mix design was adjusted accordingly.

ln order to achieve high-strength concrete it is essential that special care be taken at
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• every step in the mix design. batching and casting operations. The aggregates were

washed and saturated surface dry just before casting. Even the dust on crushed

aggregates can significantly affect the bond between the hydration product and the

aggregates. having a deleterious effect on the strength. A large number of trial

batches were made to achieve the designed concrete strength and special care was

taken during mixing. The concrete mixer had to be cleaned in order to prevent the

absorption of water during mixing. The water temperature was 20 ± 1°C. Workability

of the concrete was measured by slump test in accordance to ASTM C 143-78 (1 988).

Figure 3.1 demonstrates the mixing procedure used in making the medium and

high-strength concretes in the laboratory. Although the medium and high-strength

concrete mixes have low water-cement ratios. the desired workability. commonly

required at the construction site. was achieved by using admixtures. The

superplasticizer is typically added in small quantities until the desired wor;.ability is

achieved. The mix designs used in this research program were those currently used

by one of the local concrete suppliers (Francon-Lafarge Canada Inc.) in Montreal.

3.3 Heat of Hydration

The heat of hydration can be obtained from the temperature rise due to

adiabatic curing, the specifie heat of the concrete and the density of the concrete.

The adiabatic temperature rise of concrete is defined as the temperature rise due to the

heat of hydration, when no heat is lost to, or gained from the surrounding environment

(i.e., condition at the core of mass concrete). To achieve this condition, either the

concrete has to be perfectly insulated or the temperature of the environment controlled

to be the identical to that of the hydrating concrete (i.e., temperature-matched curing).

Temperature-matched curing is found to be the most suitable and easiest method of

obtaining the heat of hydration. A temperature-matched curing technique was

developed in this research program to simulate not only the temperature rise, but also

to simulate the moisture conditions at very early ages during hyoration. This is

discussed in section below.

•
3.4 Temperature-Matched Curing Apparatus

Figure 3.2 iIIustrates the temperature-matched curing apparatus developed in
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this research program. It consists of a 1300 x 1000 x 1000 mm high-temperature

resistant polyethylene tank filled with water. a submersible pump. a 1500watt heating

element. a analog-digital and digital-analog convertor and a micrb-computer. The base

and the sides of the tank were insulated. Temperatures of the water bath and at the

centre of a control cylinder were measured using copper-constantan (Type Tl

thermocouples with an accuracy of 0.5°C. The thermocouple was formed by twisting

two wires in a uniform manner and welding the joint. Special care was taken during

welding because overheating the joint could affect the accuracy of the thermocouple.

The thermocouple signais were recorded in millivolts and converted into temperatures

with cold-compensation applied. A thermocouple wire was placed at the centre of a

100 x 200 mm concrete cylinder during casting and another thermocouple was placed

in the water bath. The specimens were vacuum sealed to avoid water penetration and

were immediately placed inside the temperature-matched curing bath to avoid loss of

heat of hydration. The initial water temperature inside the bath was about the same

as the mix constituents (i.e.. 21 ± 1°C). The temperature-matched curing was

achieved by measuring the temperature at the centre of the control cylinder and

heating the surrounding water in order to match the temperature of the hydrating

concrete cylinder. The water was heated using the heating element and the

temperature readings and temperature adjustments were made at two second intervals.

The matching of the temperatures was accomplished by using the computerised control

system. The submersible pump was used to circulate the water in order to obtain a

uniform heat flux inside the water bath. Computer software was developed to

communicate with a data logger to measure the temperature increases with age.

The temperature-matched curing system was developed for the following

reasons:

i. To determine the temperature rise during hydration of different types of

concretes under adiabatic conditions.

H. To provide a large number of samples subjected to adiabatic conditions

to investigate the physical properties of different concretes •

This system could also be used to determine the effects of any other

temperature history (Le•• in situ measurements) •
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3.5 Adiabatic Temperature-Time Responses for Normal, Medium

and High-Strength Concrete

Table 3.1 presents the details of the composition and the fresh concrete

properties of the three types of mixes used in this testing program. It must be pointed

out that medium and high-strength concrete mixes contained 28% and 52% more

cement content than the normal-strength concrete mix.

Figures 3.3. 3.4 and 3.5 show the temperature variations with age for the

normal, medium and high-strength concretes, respectively. duetotemperature-matched

curing. The initial mix temperature was 23°C for the normal-strength, 22°C for the

medium-strength and 23°C for the high-strength concrete. The peak temperature was

62°C, 64°C and 73°C for the normal. medium and high-strength concretes. In these

figures, the recorded ambient temperatures are also presented.

Figure 3.6 compares the rises in temperature above initial temperature measured

for the 30. 70 and 100 MPa concretes under temperature-matched curing or adiabatic

conditions. Temperature increases of 39. 42 and 50°C were observed for the 30. 70

and 100 MPa concretes during hydration. The 70 and, particularly the 100 MPa,

concretes displayed higher initial retardation of hydration. which resulted in a time lag

in reaching the peak temper3tures. This is probably due to the high dosage of

superplasticizers in these mixes. After the retardation period. the slopes of the

temperature rise responses and the peak temperature rises increased with increasing

concrete strength. This can be anributed to the higher cement contents and the use

of silica fume in these concrete mixes.

3.6 Specifie Heat of Concrete

Specifie heat is defined as the amount of heat energy required to raise the

temperature of a unit mass of a material by one degree. The specifie heat of concrete

depends on its constituent materials. The specifie heat of water is 4.18 J/g_oC.

whereas the specifie heat of cement and aggregates is 0.75 and 0.9 J/g_oC.

respeetively. During early period of hydration, the moisture content of the concrete

significantly reduces and may result in reducing the specifie heat. Tests were carried

out to measure the specifie heat of the concrete mixes used in this study. Due to the
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changing state cf concrete at very early ages, it is difficult to deterr!1ine the specifie

heat. Tests were done using a Differentiai Scanning Calorimeter (DSC) at the National

Research Council of Canada, to measure the specifie heat of mature concrete at two

extreme states, that is, for a fully saturated sample and for an oven-dried sampie. The

measurement is made by heating a test specimen at a fixed rate over a designated

temperature range, where the specimen is held in thermal equilibrium before and after

heating. Figures 3.7 and 3.8 show the variations of specifie heat with temperature for

saturated and oven-dried concretes. The specifie heat of concrete increases with an

increase in temperature. In the temperature range of 30 to 70°C, the specifie heat

ranged from 0.65 to 2.7 and from 0.65 to 1.1 for the saturated and oven-dried

samples, respectively. By comparing the values from Fig. 3.7 and Fig. 3.8, it is evident

that the moisture content has a s:gnificant effect on the specifie heat. It was reported

by Whiting et al (1 978) that the specifie heat of normal-density concrete increases with

an increase in temperature and decreases with increasing concrete density. As

expected, the oven-dried samples resulted in lower specifie heat values than saturated

samples for the same concrete strength. This can be attributed to the loss of moisture.

3.7 Thermal Conductivity of Concrete

Thermal conductivity of concrete gives the rate of heat flow through a unit area

of a material under a unit temperature gradient. Very Iimited information is available

on thermal conductivity of concrete at very early ages. Tests were carried out to

measure the thermal conductivity of concretes at very early ages using a thermal probe

(see Fig 3.9). This probe consists of a stainless steel tube that houses a heating

element along its length and a temperature sensor at its centre. The stainless steel

tube provides the necessary rigidity as weil as minimizing interierence with the radial

heat flow. The heating element has a length of 200 mm, a diameter of 6 mm and a

net electrical resistance of 4.6 ohms. The thermal probe was placed at the middle of

a 100 x 200 mm cylinder before casting the concrete (see Fig. 3.91. A constant

current of 0.8 amps was supplied to the heater and temperature measurements were

taken at 10 second intervals over a period of 500 seconds. An initial reading was

taken without supplying power to the heating element. During the measurements, the

input current and the temperature from the sensor were recorded. A companion
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control cylinder was instrumented with a thermocouple at its centre to measure the

temperature of the hydrating concrete in order to permit compensation for the

temperatures measured in the cylinder with the probe. The thermal conductivity of the

concrete was determined from the slope of the temperature versus time curve ICarslaw

and Jaeger (1986)). Since the conductivity is being measured. it is important that the

thermal probe have good contact with the concrete along its length.

Tests were also carried out to determine the thermal conductivity of hardened

concrete using a thermal conductivity meter (Model TC-31) at variable temperatures.

A thin metal heating wire along with a thermocouple was placed between sliced.

smooth surfaced concrete samples. The 100 x 200 mm samples were sliced and the

surfaces polished with a grinder. The concrete samples were first temperature­

equilibrated in a constant temperature chamber. A constant electric current was then

supplied to the heating wire and the temperature increase of the heating wire was

measured with time. The apparatus calculates the temperature rise of the heating wire

and displays digitally the measured value o' thermal conductivity. Before

measuremem. the thermal conductivity meter was calibrated on a standard silicone

rubber sampie having a thermal conductivity of 0.192 W/m-oK. The apparatus has a

range of measurement from 0.05 to 5.00 W/m-oK and a reproducibility within 5%.

Table 3.2 summarizes the thermal conductivities determined for the normal.

medium and high-strength concretes. These values were determined at variable

temperatures for the concrete in both the hardened and maturing states. Tests were

conducted during the first 48 hours for the maturing concrete. As can be seen from

the results. tempcrature did not significantly affect the thermal conductiv:ty. It is

observed that the average thermal conductivity of the maturing normal-strength

concrete is 33% higher than that of the hardened concrete. On the other hand. there

is only a 2% difference in conductivity between the very early-age and hardened high­

strength concrete. The lower water-cement ratio and the higher density of the high­

strength concrete have contributed to a higher conductivity as weil as resulting in a

smaller difference in conductivities for the maturing and hardened states. The influence

of type of concrete is more significant in the hardened state. For example. the thermal

conductivity of the hardened medium-strength and high-strength concretes is about

36% and 50% higher than that of normal-strength concrete at 25°C•
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• 3.8 Coefficient of Thermal Expansion

Since the thermal strains during hydration are proportional to both the

temperature rise and the coefficient of thermal expansion, the magnitude of this

coefficient plays an important role in the restraint stresses developed during hydration.

Due to the significant influence of the aggregates on the coefficient of thermal

expansion and due to the large variation of this coefficient for different types of

aggregates, it is important to measure the coefficient of thermal expansion for the

particular concrete under investigation. For example, quartzite aggregates have a

coefficient of thermal expansion which is about 50% higher than that of limestone

aggregate.

The coefficient of thermal expansion, uC' can be found by determining the

dimensional change in a specimen for a corresponding temperature change, and is

given as.

(3.1 )

•

where €cth is the unrestrained thermal strain and LI.T is the temperature change.

Tests were carried out to measure the coefficient of thermal expansion of the

normal, medium and the high-strength concretes at very early ages. Prisms 50 x 50

x 250 mm, were cast in specially designed plexiglass moulds with gauge studs of invar

aligned at the centre of the end surfaces of the moulds, as described by ASTM C 490­

86 (1988). The base and side plates of the plexiglass mould were coated with vaseline

to overcome the friction. The change in the linear dimension of a test specimen was

measured with a dial gage, having of precision of 0.001 mm. Ali of the specimens

were immediately sealed after casting and kept in the sealed condition. Tests were

also done to measure the coefficient of thermal expansions of hardened concrete

specimens. Table 3.3 summarizes the results of the coefficients of thermal expansion

of normal. medium and high-strength concretes for hardened and maturing concrete.

These results show that the coefficient of thermal expansion is relatively independent

of age after few hours of casting up to 28 days. Other researchers (Miao et al (1993).

LaPlante (1993). ACI Committee 517 (1988)) have also observed that the coefficient

of thermal expansion of concrete becomes constant a few hours after casting. An
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average value of the coefficient of thermal expansion of the normal-~trength 130 MPa)

sealed specimens were 9.6 x 10'S/oC and 9.5 x 10-S/oC at 16 and 24 hours alter

casting, respectively. The coefficient of thermal expansion of the medium-strength

hardened concrete is about 9% higher than that of the normal-strength concrete. This

difference is slightly less for maturing concrete (about 7%). It must be pointed out that

limestone aggregates, from the same source, were used in ail these concrete mixes.

3.9 Reproducibility of Temperature-Matched Curing Results

An investigation was carried out to determine the repeatability of the test results

obtained using temperature-matched curing. The repeatability of the r.:sults for the

temperature rise are presented in this section, while the repeatability of the

corresponding mechanical properties are discussed in Chapter 4. These investigations

were performed on specimens made of normal, medium and high-strength concrete

mixes with the same mix proportions, mixing procedure, and about the same initial and

ambient temperatures as the initial mixes (batch 1l. Figures 3.10 and 3.11 show the

comparison of temperature rises for the normal and high-strength concretes. In Fig.

3.10, batch 2 represents the repeated concrete mix. For the high-strength concrete

mix specimens from two repeated batches (batch 2 and batch 3) were compared with

the initial results (batch 11as shown in Fig. 3.11. These figures demonstrate that fairly

reasonable repeatability of the test data was achieved. It is interesting to note that the

specimens of batch 2 and 3 of the high-strength concrete specimens gave a peak

temperature which was about 2°C less than the specimen from batch 1. This

demonstrates the sensitivity of the temperature rise on the initial temperature of the

concrete. Batches 2 and 3 had initial temperatures of 18 and 19°C, respectively, that

is, about 2°C lower than that of batch 1. The importance of controlling the initial

temperature of high-strength concrete mixes is recognized by the 1994 CSA Standard

A23.1. This standard Iimits the maximum temperature reached during hydration to

70°C. An absolute maximum of 25°C (20°C preferred) at the time of delivery is

recommended by the Standard based on experience with the construction of high­

strength concrete structures (Ryell and Bickley (1987), Mitchell and Bickley (1993))•
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Table 3.1 - Composition and properties of the 30, 70 and 100 MPa concrete mixes

1
Characteristics

1
30 MPa

1
70 MPa

1
100 MPa

1

cement (Type 10l, kg/m3 355 455' 540"

fine aggregates, kg/m3 790 820 720

coarse aggregates, kg/m3 1040 1025 1105

total water••• , 11m3 178 135 133

water-cement ratio 0.50 0.30 0.25

air-entraining agent, mllm3 180 - -

water-reducing agent, mllm3 1110 1424 754

superDlasticizer, 11m3 - 4.5 19.5

slump, mm ·146 142 185

air content, % 11.7 2.95 2.75

density, kg/m3 2130 2419 2505

compressive strength at 28 27.9 77.0 99.2

day', MPa

• Type 10 blended cement containing 7 - 8 % silica fume

•• Type 10 blended cement containing 8 - 9 % silica fume

••• Includes the water in admixtures

• Average of 3 sealed 100 x 200 mm cylinders
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Table 3.2 - Thermal conductivity of 30. 70 and 100 MPa concrete mixes

for various temperatures

Concrete Density Hardened Concrete Maturing Concrete

Type (kg/m3)
Temp. Conductivity Temp. Conductivity

(oC) (W/m-oC) (OCI (W/m·oC)

normal- 2130 25 1.17 28 1.72

strength

(30 MPa) 37 1.14 31 1.74

medium- 2419 27.5 1.59 - -
strength

(70 MPa)

high- 2505 26 1.77 22 1.80

strength
73 1.77 - -

(100 MPa)

82 1.65 - -

Table 3.3 - Coefficient of thermal expansion for 30. 70 and 100 MPa

concrete mixes

Concrete Aggregate _ Hardened Maturing Concrete

Type Used Concrete

Uc Age Uc
(1 x 10·6/oC) (Hours) (1 x 10·6/"C)

normal- Iimestone 10.00 16 9.60

strength
24 9.50

medium- Iimestone 10.91 24 10.2

strength

high- Iimestone 7.35 . -
strength
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dry mixing for 5 minutes

1..,

addition of hait quantities of water,
waler reducer and superplaslicizer

1..,

mix for 3 minutes

1..,

add remaining half of
water and waler reducer

mile for 5 minutes and add
superplaslicizer to achieve workability

Figure 3.1 - Mixing procedure for medium and high-strength concretes

44



•

•

thermocouple
in concrete

E:r:...-- -- ..-..-". -- -..---.....--_.. .._.... -
_plastic water bath

,.,'

Figure 3.z· Temperature-matched curing test setup

45

50 mm
styrofoam

heating
... element

20 mm
plywood

/



• 80 1 Normal-Strength Concrete
(30 MPa)

70 -

~ 60
cP

Cl> 50~

::J
iO
~

Cl>
40C-

E
~

30

20

7260482412 36

Age (hours)

Figure 3.3 - Temperature increase of normal-strength concrete
during temperature-matched curing

10 +~-...,.---r--,--,--.--...,..-.,---....,...-,--,....---1

o

Figure 3.4 - Temperature increase of medium-strength concrete
during temperature-matched curing

46•

80

70

~ 60
cP-QI 50~

::J
ôi
~

Cl>
40c-

E
~

30

20
- --

10
0 12

Medium-Strength Concrete
(70 MPa)

24 36 48

Age (hours)

60 72



72

l

6C

High-Strength Concrete
(100 MPa)

12 24 36 48

Age (hours)

Figure 3.5 - Temperature increase of high-strength concrete
during temperature-matched curing

• 80

70

~ 60
0(,)
~

al 50~

::::J
ai
~

al
40C-

E
~

30

20

10
0

60 -r-------------------,

o

100 MP;;l

••••••••• 70 MPa..............
30MPa

o 24 48 72

•
Age (hours)

Figure 3.6 - Temperature rises of normal, medium and high-strenllth

concretes during temperature-match€<d curing

47



• 3.0 ...-----------------...,

2.5

~
~ 2.0
~

ëii
QI

~ 1.5
l;:,j
QI

!li 1.0

- - - - 30 MPa
--70MPa
- - - 100MPa

807040 50 60

Temperature (oC)

30
0.5 +---.,--.,__~-,...........,....__,-....._.....,..-.,___,_-,....._--I

20

Figure 3.7 - Variation of specifie heat of saturated coneretes with temperature

3.0 ..,....-----.----.----------,

---- 30MPa
70MPa

--- 100MPa

------...:---- ---- ------- --
-~ --~ ---------

2.5
~

0°,
~ 2.0
~

ëii
QI

~ 1.5
1;:
'0
QI

!li 1.0

807040 50 60

Temperature (OC)

30
0.5 +----,,....----r--.,.-___r'-.,...-~-_r_........,-.......-,....____r'___l

20

•
Figure 3.8 - Variation of specifie heat of oven-dried coneretes with temperature

48



•
. ::.., thermal probe

plastic mold -

•

100 x 200 mm cylinder

Bi~
stainless steel

temperature sensor -' - tube

- - heating coil

Figure 3.9 - Test set up to measure the thermal conductivity of
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Chapter 4

Mechanical Properties of Normal, Medium and

High-Strength Concretes at Early Ages

The hydration reaction between cement and water is highly exothermic, which

can result in high temperatures and significant thermal gradients in concrete members,

deiJending on the thermal properties of the concrete and the boundary conditions. The

effect of temperature and curing at very early ages can strongly influence the strength

development and consequently the risk of thermal cracking and hence the long-term

durability of concrete members. With the increased use of higher-strength concretes

in the past few years, one of the major concerns of designers and contractors is

whether or not cracking will occur at very early ages. The use of higher-strength

concretes may result in higher temperatures and larger thermal gradients during

hydration than normal-strength concrete. In order to understand the behaviour of

concrete members at very early ages, it is necessary to determine the variations of the

important mechanical properties of different concretes.

The research presented in this chapter examines the variation of the

compressive stress-strain characteristics with time, the compressive strength gain, the

tensile strength gain and the development of creep and shrinkage for normal, medium

and high-strength concretes. In particular these characteristics are closely followed

during the first 72 hours after casting.This chapter also presents mathematical

expressions for the development of the key early age mechanical properties of different

types of concretes. In order to distinguish between the three types of concretes. they

will be referred to as the 30. 70 and 100 MPa concretes (i.e.• the approximate 28 day
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concrete strengths). The influence of different curing conditions on the temperature

rise at early hours and its effect on the development of the mechanical properties is

presented. The curing conditions investigated include temperature-matched curing,

sealed curing, and air-dried curing. These conditions model the curing effects at the

centre of mass concrete, close to the surface of the concrete and at the surface of a

structural member, respectively.

4.1 Early Age Compressive Stress-Strain Characteristics of

Normal. Medium and High-Strength Concretes

4.1.1 Experimental Program

Compressive stress-strain responses, compressive strength gain and

development of elastic modulus of the normal (30 MPal, medium (70 MPa) and high­

strength (100 MPa) concretes were studied. The three different curing conditions

investigated were temperature-matched curing, sealed curing and air-dried curing. The

apparatus used to obtain the temperature-matched curing is described in Section 3.4.

Concrete cylinders, 100 x 200 mm, were cast in special plastic cylinder molds

designed to enable demolding at very early ages without disturbing the concrete. Ali

of the specimens were hand rodded in accordance with ASTM C 31 (1988).

Specimens subjected to temperature-matched curing were vacuum sealed and were

immediately placed inside the temperature-matched curing bath. The temperature­

matched curing technique and the measured adiabatic temperature-time responses of

the 30, 70 and 100 MPa concretes are discussed in Sections 3.4 and 3.5.

The sealed and air-dried curing conditions model the curing close to the surface

and at the surface of a structural member, respectively. Ali of the specimens were

covered with polyethylene sheets for 24 hours and kept in the laboratory environment

(i.e., ambient temperature of 21 ± 1°C and relative humidity of 50 ± 10%). The

specimens were demolded at 24 hours after casting, with the sealed conditions

achieved by wrapping the cylinders with three layers of polyfilm. Special care was

taken to seal the specimens in order to prevent moisture loss. Air-dried curing was

achieved by leaving the specimens in a relative humidity of 50 ± 10% and an ambient

temperature of 21 ± 1°C.

The compressive strength tests were carried out at frequent intervals during the
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first 24 hours in order to determine the influence of early-uge hydration On the stress­

strain behaviour and compressive strength gain. Cylinders tested al very early ages

liess than 24 hours) were end capped prior to testing using a sulphur based capping

compound in accordance with ASTM C 617-87 (1988). This method of end

preparation was used for ail of the cylinders made with the 30 MPa concrete. After

24 hours, the cylinders made with the 70 and 100 MPa concretes were end faced by

grinding since the compressive strength of these concretes is sensitive to the end

conditions (Lessard et al (1993)). Due to the complexity involved in measuring the

complete stress-strain responses of very early age and high-strength concrete

specimens, trial compression tests were conducted using a 225 kN capacity INSTRON

testing machine. This machine was not stiff enough to obtain the complete stress­

strain response, including the post-peak response, of the high-strength concrete

specimens. The compressive testing was repeated using a stiff testing machine (MTS

Model 315.03) with a maximum loading capacity of 4600 kN. To determine the

compressive strengths at very early ages (i.e., less than 24 hours), more sensitive load

cells were used. These load cells had ranges of 2 kN, 22 kN, 178 kN and 335 kN

based on the expected strength at the time of testing. Ali of the specimens were

tested under strain control, as recommended by ASTM C 39-86 (1988), to obtain the

post-peak responses. Axial strain was measured using MTS extensometers (Model

632.94), with 100 mm gauge lengths, placed on opposite faces of the spf:::imen. A

total of about 300, 100 x 200 mm cylinders, were tested in compression for this

study.

4.1.2 Compressive Stress-Strain Responses

The effect of different curing conditions, including temperature-matched curing,

sealed curing, and air-dried curing on the compressive stress-strain behaviour was

studied. Cylinders were tested in compression at frequent intervals within the first 24

hours to determine the concrete compressive stress-strain responses at very early ages.

At ages of 1,2,3,7, 14,21,28 and 91 days, at least three sealed and three air-dried

cylinders were tested. Figures 4.1, 4.2 and 4.3 show the measul'ed compressive

stress-strain responses for the 30, 70 and 100 MPa concretes under the three different

curing conditions. During the first few hours of hydration the compressive stress-strain
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responses exhibit extremely low moduli, low compressive strength and very high

strains corresponding to the peak compressive stress. After about 24 hours the stress­

strain responses, for ail of the concretes, start to resemble the shape of the stress­

strain responses at 28 days. These figures demonstrate that the strain at the peak

compressive stress, that is, the peak strain, is changing with age as the concrete

strength increa,.;es. Between an age of 1 day and 28 days the peak strains increased

slightly with age. As the compressive strength increases both the ascending and

descending portions of the compressive stress-strain responses become both steeper

and more linear. It is evident that the high-strength concrete has a higher peak strain

than the normal and medium strength concretes (see Fig 4.1, 4.2 and 4.3). Ali of the

air-dried specimens had higher peak strains than companion sealed èlnd temperature­

matched cured specimens, probably due to the drying effects. Figures 4.2 and 4.3

demonstrate that once the high-strength concrete specimens have hardened, they

display brittle post-peak response. The formation of microcracks in high-strength

concrete occurs at much higher stress level than for normal-strength concrete. The

rapid formation of microcracks close to the peak stress level results in the more brittle

response (Carrasquillo et al (1981)).

4.1.3 Compressive Strength Gain

Figure 4.4shows the variations of the average compressive strengths of the 30.

70 and 100 MPa concretes for different curing conditions. For a given mix. the

temperature-matched curing typically resulted in greater compressive strengths than

the sealed curing. which in turn had greater compressive strengths than the air-dried

curing. The difference between the average compressive strengths of sealed and air­

cured cylinders becomes greater with age. This difference becomes more significant

at later ages (i.e.• at 28 days) for the 30 and 70 MPa concretes. There was no

significant increase in the average compressive strength of air-dried cylinders after 28

days. Figure 4.5 compares the average compressive strength gain at early ages for the

three different types of concretes due to different curing conditions. The temperature-,

matched curing has resulted in high rates of compressive strength gain at early ages.

This effect becomes more apparent with increasing compressive strength. which can

be due to the higher rate of heat of hydration. The retardation in compressive strength
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gain during the first few hours in the medium and high-strength concretes is due to the

higher dosages of superplasticizer in these mixes. As soon as the retardation effect

diminishes, there is a rapid increase in strength for the 70 and 100 MPa concretes.

4.2 Relationship Between Compressive Strength and Equivalp.nt Age

A number of expressions have been proposed in the literature to describe the

relationship between the compressive strength development, as a function of maturity

or equivalent age (Laplante (1993), CEB-FIP (1990), Carino (1982). Carino and Tank

(1992). Byfors (1980)). The concept of using maturity is discussed in Section 2.1.3.

The use of the maturity concept enables the strength gain to be described by a single

expression. The maturity concept used in this research is based on the Arrhenius'

maturity function, which accounts for the combined effect of temperature histories and

age. The 100 x 200 mm cylindrical specimens were cured under temperature­

matched, sealed and air-dried conditions. Temperatures were recorded at the centre

of these specimens using thermocouples. Figures 4.6, 4.7 and 4.8 show the

temperature variation as a function of age and equivalent age (reference temperature

of 20°C) for the three concretes, respectively, due to temperature-matched curing. As

can be seen from these figures the use of equivalent age results in considerable

"stretching-out" of the temperature-time response. Figures 4.9, 4.10 and 4.11 show

the temperature variation at the centre of 100 x 200 mm sealed specimens made of

normal, medium and high-strength concretes. The maximum recorded temperatures

at the centre of cylinders were 25.8°C, 28.30 C and 27.4°C for the normal, medium

and high-strength concretes, respectively. As can be seen from Fig. 4.9a. 4.1 Oa and

4.11 a the medium and, particularly the high-strength concrete, showed a longer

retardation period of hydration reaction than the normal-strength concrete. due to the

higher dosages of superplasticizers. The medium and high-strength concretes exhibited

retardation periods of about 6 hours and 16 hours after casting. respectively. After the

retardation period. the slope of the temperature responses increase with increasing

concrete strength. Figures 4.9b, 4.1 Ob and 4.11 b compare the temperature history

expressed in terms of age and equivalent age at 20°C. calculated using Arrhenius'

function. These figures iIIustrate that. in contrast to the temperature-matched cured

specimens. the smaller specimens. subjected te ambient conditions. exhibit only a small
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• "stretching-out" of the response when equivalent age is used.

ln order to predict the compressive strength development with age. it is

necessary to account for the effect of temperature history during hydration. The CES·

FIP Code (1990) proposed a relationship between the concrete compressive strength

development with age. which accounts for type of cement and curing conditions. This

equation does not consider the effect of retarders and admixtures. currently being used

in the concrete industry. In this study. the effect of temperature during curing is

accounted for by using Arrhenius' equation and the retardation effect is considered by

introducing the retardation period. t r• The following expression is a modified form of

the equation recommended by the CEB·FIP Code (1990):

(4.1 )

•

where

A = constant depending upon the type of cement used

te = equivalent age in days

t r = retardation period in days

f'c = mean compressive strength at 28 days

Table 4.1 gives the coefficient A and the retardation period. t r• for the three

different types of concretes used in this study. The values of these terms were

determined by regression analyses. The mean 28-day compressive strengths are also

given in Table 4.1.

It must be pointed out that the CES-FIP Code (1990) recommends a coefficient

of 0.25 for nor.nal and rapid-hardening concretes. The coefficient determined from this

study for the normal-strength concrete is also 0.25. From Table 4.1, it is evident that

as the concrete strength increases the factor A decreases and the retardation period,

t r, normally increases. Figures 4.12, 4.13 and 4.14 show the compressive strength

development, at early ages, for both real age as weil as equivalent age for the 30, 70

and 100 MPa concrete cylinders. From Figs 4.12b, 4.13b and 4.14b, it is evit:lent that

the use of equivalent age significantly reduces the scatter of the test results,

particularly at early ages where temperature has significant influence on the rate o'f

strength gain. The predicted strengths using the modified CES-FIP Code (1990)
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expression, Eq (4.1 l, are also shown for the early-age concretes. As can be seen from

these figures there is good agreement between the experimental results and lhe

predicted values, particularly for the temperature-matched and sealed specimens. Il

must be pointed out that the effect of drying was .:onsidered by using the 28-day

strength of air-dried specimens in Equation (4.1 l for ages above 1 day (i.e., lime of

demoldingl. In Figs 4.12b, 4.13b and 4.14b, the dashed lines represent the strength

predictions for the air-dried specimens. These predictions demonstrate that as the

concrete strength increases there is a smaller drop in the strength due to drying of the

denser matrix.

4.3 Elastic Modulus of Normal. Medium and High-Strength Concretes

The chord elastic modulus was calculated from the measured stress-strain

responses, in accordance with ASTM C 469-87 (1 988), for the three different

concretes. Figure 4.15 shows the variation of the average chord elastic modulus for

the 30, 70 and 100 MPa concretes due to temperature-matched, sealed and air-dried

curing conditions. As can be seen, the elastic modulus increases very rapidly at very

early ages. The temperature-matched curing resulted in a higher rate of modulus gain

than the sealed and air-cured cylinders at early ages. As expected, the sealed curing

resulted in higher moduli than air-dried curing, particularly at later ages. The lower

moduli of air-cured cylinders has been attributed to the influence of drying (Shah and

Ahmad (1985) and Burg and Ost (1992)). It is also noted that the elastic moduli of

specimens is more affected by drying than the compressive strength, particularly for

30 MPa concretes. This may be due to the higher permeability of the normal·strength

concrete.

Figure 4.16 shows the comparison of the average modulus gain at very early

ages for the three different types of concretes. The temperature·matched curing has

resulted in high rates of modulus gain during the first 24 hours. This effect became

more apparent with increasing compressive strength and after the effect of the

retarders diminished.

4.3.1 Relationship Between Elastic Modulus and Concrete Compressive Strength

Figure 4.17 shows the variation of the average modulus versus the average
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• compressive strength from very early ages to an age of 91 days. Aiso shown in this

figure are the values of the modulus predicted using the expression given in the ACI

Code (1983) as weil as those predicted using the expression developed by Carrasquillo

et al (1981) and also recommended by ACI Committee 363 (1992). The

overestimation of the modu:us for the very low strength daTa shown in Fig 4.17

indicates that the ACI code expression may not be appropriate for very early age

concrete. The ACI code expression provides a reasonable estimate of the stiffness for

strengths up to about 50 MPa. but overestimates the stiffness for higher concrete

strengths and for concretes at very early ages. On the other hand. the ACI 363

expression provides a conservative estimate of the average stiffness for higher

concrete strengths.

The 1994 CSA A23.3 Standard points out the influence of aggregates on the

modulus of elasticity and introduced two expressions for the elastic modulus. The

1994CSA expression which applies for a wide range of concrete compressive strength

is based on the equation developed by Carrasquillo et al (1981). The 1994 CSA

Standard also introduced the following simplified expression for concrete compressive

strengths between 20 and 40 MPa:

where

Ec =4500,[f"'; for 20 :s; f'c~ 40MPa 14.2)

f'c = specified concrete compressive strength at 28 days

This simplified expression is plotted in Fig 4.17. It is clear that this expression provides

a more reasonable estimate for the lower strength concretes than the ACI 363

expression or the 1983 ACI Code expression. The ACI 363 and the CSA Simplified

expressions give identical results for concrete strengths equal to 36 MPa.

ln order to predict the elastic modulus and accommodate a wide range of

variables. the following expressions are proposed:

•

Ec(t) =4500Jf'cft) for f'c :s; 36MPa
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• and

where

Ec(t) =(3320\~ + 6900) for f'clt) > 36MPa 14.3[1)

•

f'clt) = concrete compressive strength at time t

Ec(t) = elastic modulus of concrete at time t

Figure 4.18 shows the test data along with the prediction from Equation 14.3).

It is apparent that these two expressions provide reasonable estimates of the mean

chord elastic modulus over a wide range of variables including type of concrete,

concrete compressive strength, curing conditions and concrete ages.

4.4 Tensile Strength of Normal, Medium and High-Strength Concretes

4.4.1 Experimental Program

The prevention and control of early-age thermal cracking of concrete i.> a major

concern in many structures. Due to the heat of hydration, significam strain gradients

are usually developed which in turn cause tensile stresses due to restraint effects.

These restraint tensile stresses typically have a high gradient in structural members.

Hence the modulus of rupture test, which subjects flexural specimens to a significant

strain gradient, was chosen over the split-cylinder test to determine an appropriate

tensile strength.

Tests were carried out on 175 beam specimens, 100 x 100 x 400 mm long,

made of normal, medium and high-strength concretes. These tests enabled a study of

early age tensile strength gain for the normal, medium and high-stlèlngth concretes.

Tests were carried out at frequent intervals during the first 3 days after casting to

observe the influence of concrete strength and curing conditions from very early age

up to 91 days. The curing conditions included temperature-matched curing, sealed

curing and air-dried curing.

The flexural beams were cast in specially designed molds, made of acrylic. to

enable rapid demolding at very early ages without disturbing the concrete samples. For

the sealed and air-dried curing, the control cylinders and flexural beams were demolded

at 24 hours. Ali of the concrete specimens were hand rodded in accordance with

59



•

•

IlSTM C 31-88 (1988). For temperature-matched curing the flexural beam specimens,

together with a 100 x 200 mm cylinder used to control the temperature-matched

curing. were vacuum sealed with thick plastic and placed in the temperature-matched

curir,g bath immediately after casting. The sealed conditions were achieved by

wrapping the specimens with three layers of polyethylene immediately after demolding,

and were kept at ambient temperature of 21 ± 1°C. The air-dried specimens were

cured in a relative humidity of 50 ± 10% and an ambient temperature of 21 ± 1°C

after demolding. Ali of the specimens were covered with polyethylene until they were

removed from the molds in order to minimize moisture loss. The modulus of rupture

'!alues were determined by loading each beam, over a 300 mm long span. with two­

point loads producing a 100 mm long constant moment region.

4.4.2 Tensile Strength Variation with Age

Ali of the specimens were tested at frequent intervals during the first 24 hours.

The specimens subjected to temperature-matched curing were tested over a period of

about 3 days. At ages of l, 3, 7,14,21,28 and 91 days, at least two sealed and

two air-dried specimens were tested. Figure 4.19 shows the variations of the average

flexural strengths of the 30 MPa, 70 MPa and 100 MPa concretes under temperature­

matched curing, sealed curing and air-dried curing. For a given concrete mix,

specimens with temperature-matched curing typically resulted in significantly greater

flexural strengths than the specimens with sealed curing and air-dried curing. This is

particularly apparent during the first three days. After demolding and up to an age of

about 28 days, the sealed flexural beam specimens showed higher tensile strength than

companion air-dried specimens. The test data indicates that beyond 28 c:Iays this

difference in tensile strength diminishes.

Figure 4.20 shows the comparison of average flexural strength gain at early

ages for three different concrete mixes subjected to three diffe;zm curing conditions.

After an initial retardation period, the rate of flexural strength gain increases with

increasing concrete compressive strength. After demolding, the specimens subjected

to air-dried curing resulted in lower modulus of rupture values than the specimens

subjected to sealed curing. This was particularly evident for the high-strength

concrete, which may be more sensitive to drying effects due to its very low water-
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• cement ratio and its smaller size of aggregates. The smaller aggregate size results in

a larger interfacial surface area or transition zone which may be more sensitive to

drying.

4.4.3 Relationship Between Modulus of Rupture and Concrete Compressive Strength

Figure 4.21 shows the variation of the average modulus of rupture versus the

average concrete compressive strength. The data includes the test results from very

early ages to an age of 91 days and includes data from the three types of concrete and

curing conditions. Also shown in this figure are the values of the modulus of rupture

predicted using the expression given in the 1983 ACI Code as weil as those values

predicted using the ACI Committee 363 expression (1992). The ACI code expression

is used for comparison purposes only, since it was originally intended to apply to

mature concrete li.e., 28-day concrete). Although the ACI 363 expression was

intended for concrete compressive strengths ranging from '-1 MPa to 83 MPa, it was

used in Fig. 4.21 to predict values over a wider range. Predicted values using the ACI

Code expression are also shown for a wide range of concrete compressive strengths.

The ACI code expression overestimates the modulus of rupture for concrete

compressive strength less than about 15 MPa at very early ages. The ACI Code

expression also underestimates the modulus of rupture above about 30 MPa. It can

also be seen that the empirical equat'.on proposed by ACI Committee 363

overestimates the modulus of rupture for ail types of concretes and curing conditions

except for some of the specimens with temperature-matched curing. Figure 4.22

shows the relationship between the modulus of rupture values and the corresponding

compressive strength" for the three different concrete mixes, ail subjected to

temperature-matched curing. For this particular curing condition, a linear relationship

between the modulus of rupture and the concrete compressive strength provides a

conservative fit to the data. This relationship for the modulus of rupture, frIt), at a

particular time t, can be expressed as:

fr(t) =0.085 t'c(t) (4.4)

•
Figure 4.23 presents the relationships between the modulus of rupture and the

concrete compressive strength for sealed and air-dried curing conditions. Using the
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• form of the relationship between the modulus of rupture and compressive strength

suggested by Shah and Ahmad (1985) gives:

fr(tl ~ k Wc (tl)213 (4.5)

•

From non-linear regression analyses using SAS (1985). the factor kwas found

to be 0.4 and 0.38 for sealed and air-dried curing conditions. respectively. The lower

and upper bound 95 % confidence interval limits are also presented for temperature­

matched. sealed and air-dried curings (see Fig. 4.22 and Fig. 4.23).

As expected. air-dried curing resulted in lower modulus of rupture values than

the sealed curing for the same value of concrete compressive strength. This reduced

tensile strength for the air-dried curing is significant over a time period from demolding

(Le., an age of 1 day) up to about 28 days. This effect is more apparent for high­

strength concrete. due to its very low water-cement ratio is very sensitive to drying

effects.

4.5 Creep and Shrinkage of Normal. Medium and High-Strength

Concretes During Hydration

During the hydration process. significant thermal and shrinkage gradients can

cause stresses which could lead to cracking of concrp.te at early ages. The presence

of creep during the hydration period. that is at very early ages, wouId have an effect

of reducing these stresses. During hydration when temperatures are increasing, tensile

stresses develop near the concrete surface where the temperature is lower and

compressive stresses develop at the centre where higher temperatures exist. In

addition. specimens with exposed surfaces would exhibit higher shrinkage strains at

the surface, which causes tensile stresses near the surface and compressive stresses

at the centre. During this phase the concrete has low strength. low elastic modulus

and significant early-age creep. Although the tensile strength of the concrete is low,

the combined effect of low modulus and high creep will significantly reJuce the

tendency for surface cracking. When the centre of the concrete starts cooling. the

stresses due to thermal gradients cause the reverse effect, with reduced compressive

stresses and perhaps even tensile stresses developing at the centre of the concrete.

During this phase the concrete strength is higher, resulting in an increased modulus of
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elasticity and lower creep. Thus it is important to study the early-age creep and

shrinkage of concrete in order to accurately predict the resulting stresses due to heat

of hydration. As discussed in Sections 2.2.7 and 2.2.8, extensivè research on creep

of mature concrete 'las been carried out, but very little research has been conducted

on creep and shrinkage of early-age concrete and in particular for high-strength

concrete.

4.5.1 Experimental Program

The details of the composition and some of the fresh concre:te properties of the

three concrete mixes used in this testing program are presented in Table 3.1. The

coarse: aggregate to cement and fine aggregate to cement proportions lby weight) were

2.93 and 2.22 for the 30 MPa concrete. 2.25 and 1.80 for the 70 MPa concrete. and

2.05 and 1.33 for the 100 MPa concrete. respectively. Two different curing methods

(i.e•• sealed curing and air-dried curing) were used. The cylinders were demolded just

before placing in the creep frame and companion unloaded specimens were left in the

same ambient conditions for shrinkage and thermal strain measurements. Specimens

were tested for short-term loading us:ng a stiff MTS rock testing machine to measure

the concrete compressive strength just before loading the creep specimens. Special

care was taken in handling and testing the specimens. The stress level applied te the

specimens varied from 5 to 22 percent of the measured concrete compressive strength

at the time of loading.

Six creep frames were made to study the creep of the 100 x 200 mm cylinders

for both sealed and air·drie:d conditions (see Fig. 4.24). These frames used a lever

system to ensure constant load on the test specimens and to enable rapid placement

of the specimens in the test frame. Each frame was calibrated USlI,g a 5000 lb load

cell. The pin connection was greased to reduce friction. Concrete strains were

measured with a specially designed apparatus. which contained two aluminum alloy

yokes. mounting points. an aluminum control rod and a very sensitive dial indicator.

The apparatus was mounted on each cylinder to form a gauge length of 100 mm. The

top yoke was hinged to permit rotation. The dial indicator used had a full range of 5

mm and minimum graduation of 0.001 mm. The total strain. Ec' measured on the

creep specimens includes the instantaneous strain. Eco' the creep strain. Ecroop. the
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shrinkage strain, <oh' and the thermal strain, <th' of the hydrating concrete. The

companion unloaded specimens were subjected to the same curing conditions and were

instrumented to measure the combined effects of shrinkage and thermal strains. Thus

the creep strain can be determined at any time by subtracting the shrinkage, thermal

and instantaneous strains from the total measured strain on the creep specimens.

4.5.2 Crer Shrinkage and Thermal Strains Development with Age During

Hyoration

The time-dependent strain results are summarized in Table 4.2 for the normal,

medium and high-strength concretes. The loads on the creep specimens were

sustained for about 28 days.

Figure 4.25 shows the variation of shrinkage and thermal strains for the normal

130 MPa), medium (70 MPa) and high-strength (100 MPa) concretes subjected to

sealed and air-dried curing. Measurements were taken on the cylinders after the

concrete started to harden, several hours after casting. During the measurment of

these strains, the ambient temperature was kept constant at about 20°C. Due to the

heat of hydration. there would be some thermal strains. however these wouId be quite

smaU after the demolding of the cylinders. The measured 28-day shrinkage and

thermal strains of the specimens subjected to sealed curing were about 33%. 43% and

62% of the shrinkage and thermal strains of the air-dried specimens for the normal.

medium and high-strength concrete. respectively. The test results show that the high­

strength concrete exhibits greater shrinkage and thermal strains than the medium­

strength concrete. which in turn shows greater strains than the normal-strength

concrete for both the sealed and air-dried conditions. This may be due to the smaUer

aggregate-cement ratio and the addition of silica fume in the higher strength concretes.

Demolding the specimens at 24 hours after casting has shown about 17% and 22%

less shrinkage and thermal strains. at 20 days. than the specimens demolded at 19.5

hours (see Fig. 4.261.

Figures 4.27. 4.28 and 4.29 show the variation of the total strains (i.e••

instantaneous. creep. shrinkage and thermal strains) with time for specimens loaded

at very early ages for the normal (30 MPa). medium (70 MPa) and high-strength (100

MPa) concretes. The applied stress to strength ratios at the time of loading varied from
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• 18.5% to 22% for the normal-strength concrete, 8.8% to 9% for the medium-strength

concrete and 5% to 9.6% for the high-strength concrete. It can be seen from these

figures that the strain rate for the normal-strength concrete, subjected to sealed curing,

stabilized more quickly than the medium and high-strength concretes.

Figures 4.30, 4.31 and 4.32 show the variations of creep strains, including the

initial elastic strains, with time under load, toto' for the normal, medium and high­

strength concretes. These responses are given for sealed and air-dried conditions and

for different ages of loading, t o' It can be seen from these figures that, as expected,

the specimens subjected to air-dried curing had higher creep strains than the sealed

specimens. In particular, this difference is significantly higher for the normal-strength

and high-strength concrete specimens subjected to loading at very early ages. The

medium-strength concrete did not exhibit such a large difference in creep strains

between the air-dried and sealed conditions, perhaps due to a smaller amount of

superplasticizer than the high-strength concrete, resulting in more rapid strength gain

at very early ages. Figures 4.30, 4.31 and 4.32 also show that the creep strains

decrease with an increase in the concrete compressive strength at the time of loading.

It can be seen from Fig. 4.32a that the creep of the high-strength concrete is much

more sensitive to the age of loading than the normal and medium-strength concretes,

with very early age loading resulting in significantly higher creep. This phenomenon

may be due to the large dosage of superplasticizer, the low aggregate to cement ratio

and the small sized aggregates. High-strength concrete mixes which contain

naphthalene-based high-range water reducers can result in higher creep of the mature

concrete (Shah and Ahmad (1994)). In Figs 4.30, 4.31 and 4.32 comparisons are also

made between the test results and the predicted creep functions (i.e., the sum of

elastic and creep strains per unit applied stress). The creep functions were predicted

using the CEB-FIP Code expressions (1990). The stress dependent strain. ficf' is

described by CEB-FIP Code (1990) in the following form:

(4.6)

•
where

= applied stress at t o
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alt,tol

t

t o

Ec

J(t,to)

= elastic modulus at t o

= creep coefficient

= age of concrete at the time under consideration

= age at loading

= elastic modulus at 28 days

= creep function representing the total stress dependent

strain per unit applied stress.

The creep coefficient at time t, a(t,t o)' when the concrete is loaded at to can be

estimated as:

where

with

where

1- RH

a(RH) =1+ RH o

0.46(.12..) 1/3
ho

Pif' )= 5.3
c (f'c/1 0)0.5

(4.7)

(4.8)

(4.9)

(4.10)

(4.11 )

(4.12)

•
RH = relative humidity of the ambientenvironment (%)

RHo = 100%

h = 2 Ac/u; Ac is the cross sectional area (mm2) and u is the
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perimeter of the member in contact with the atmosphere (mm)

f'c = concrete compressive strength at 28 days in MPa

t, = 1 day

ho = 100 mm

It can be seen that these predictions agree reasonably weil with the measured creep

strains of the normal and medium-strength concretes. It is clear fro,,, Figs 4.32a and

4.32b that the measured creep strains are significantly higher than the predicted creep

strains for the high-strength concrete loaded before an age of 24 hours. Figs 4.32c

and 4.32d iIIustrate that the predictions agree weil with the measured creep strains

once the concrete has reached about one-third of the 28-day strength at th!' time of

loading.

4.6 Reproducibility of Compressive Strength Development and

Measured Creep and Shrinkage Strains

A series of tests were carried out to determine the reproducibility of the test

results. The mix proportions, mixing procedure, testing apparatus and procedure, and

curing technique were the same as the initial mixes (batch 1) and details are explained

in Chapter 3. Figures 4.33 and 4.34 show the temperature variation at the centre of

100 x 200 mm cylinders made of medium and high-strength concretes, respectively.

Figure 4.33 shows an excellent repeatability between the two batches. The high­

strength concrete (batch 2) has shown a smaller retardation period than the batch 1

concrete, due to smaller amount of superplasticizer used (see Fig. 4.34). On the other

hand, the specimens of both batches gave almost the same peak temperatures.

Figures 4.35a and 4.35b show the variations of the average compressive

strength of normal-strength concretewith age due to temperature-matched and sealed

curing, respectively. Figures 4.36 and 4.37 show the variations of average

compressive strength and elastic modulus of high·strength concrete due tn air-dried

curing, respectively. These figures demonstrate that fairly good repeatability of the

test data was achieved. A series of tests was also repeated for creep, shrinkage and

thermal strains for the high-strength concrete specimensto substantiate the sensitivity

of these strains to the amount of superplasticizer. It must be pointed out that the

amount of superplasticizer used in the repeated mix lbatch 2) was 35 % more than that
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of the original batch (batch 1, see Table 3.1). Figure 4.38 compares the variation of

shrinkage and thermal strains with age for both of these batches, made of high­

strength concrete. The specimens for shrinkage were demolded at 19.6 hours after

casting, which was slightly higher than the original batch. 8atch 2 exhibited slightly

less shrinkage and thermal strains values than the original batch, particularly for the air­

dried specimen. Figure 4.39 shows the variation of total strains with time for the high­

strength concrete loaded at different ages. The results of the sealed specimen :oaded

at 23.8 hours after casting are not presented in Fig. 4.39c due to inadequate sealing.

The repeated tests exhibited higher total strains than the original tests for the same age

of loading. This is due to the higher dosage of superplasticizer in batch 2.

4.7 Special Consideration for Creep of High-Strength Concrete

Loaded at Very Early Ages

ln this study, it was observed that high-strength concrete loaded after about 24

hours exhibited creep which can be predicted weil by the CE8·F!P (1990) creep

expression. However, the presence of naphthalene based superplasticizer together

with loading before 24 hours and subjected to air-dried curing resulted in significantly

increased values of creep (see Fig. 4.32a and 4.32b) than those predicted. Although

more research is required to quantify these effects on the creep. It is suggested that

in the interim the values from the CE8·FIP expression be multiplied bya factor varying

from 2.5 to 4.5 for ages of 22 hours and 19.5 hours. respectively, to account for the

com bined effects Iisted above. These increased values of creep at very early ages of

loading would result in a reduction of restraint stresses and would therefore be

beneficial in reducing the risk of cracking during hydration.
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Table 4.1 - Values of terms used in Eq. (4.1) for determining the variation of

concrete compressive strength with time

Concrete A t r f' f'c c

Type (days) (sealed) (air-dried)

(MPa) (MPa)

normal- 0.25 0.25 28.0 22.2

strength

130 MPa)

medium- 0.15 0.28 77.0 65.4

strength

(iO MPa)

high-strength 0.13 0.60 99.2 95.7

(100 MPa)
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Table 4.2 - Summary of time dependent strain data

'. f'co Olt fco'f'co curing (co at to '1 {c at Il {sh +€sh (cmop Olt <1> JO!
(hours) '. at to 110.6) (haurs) 110.6)

a' ~ t, a, '1
IMPa) 110' ) 110.6) '1 (10·6/MPa)

Normal-Strcngth Concrcte 130 MPal

16.25 9.46 0.185 scalcd 115 451 300 117 68 0.59 39
air·dricd 130 735 400 205 1.58 117

21.25 11.17 0.223 scalcd 135 678 395 132 128 0.95 51
air·dricd 150 795 448 197 1.31 79

25.0 12.00 0.196 soalcd 115 674 320 125 80 0.69 34
air·driod 160 1095 440 495 3.09 210

30.5 16.00 0.190 soalod 130 669 335 120 85 0.65 28
air·driod 150 875 440 285 1.90 94

Modium-Strcngth Concroto (70 MPa)

11.25 25.4 0.088 sealod 75 7~8 425 235 115 1.53 52
air·driod 65 855 540 250 3.85 112

13.02 29.0 0.090 sealed 80 707 460 235 145 1.81 54
air·dried 95 800 540 165 1.74 62

15.75 35.4 0.089 soalod 90 704 390 230 70 0.78 2:1
air·dried 75 805 525 205 2.73 6~

High·Strength Concrete 11 00 MPa)

19.53 15.73 0.096 soalod 60 741 575 350 165 2.75 109
air·dried 75 980 570 335 4.47 222

22.13 23.00 0.088 soalod 70 738 540 340 130 1.86 64
air·driod 55 845 550 240 4.36 118

25.10 37.50 0.095 sealod 100 735 545 335 110 1.10 31
air·driod 100 895 535 260 2.60 73

89.50 71.40 0.050 soalod 85 693 330 210 120 1.41 33
air-driod 80 505 340 165 2.06 46
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Figure 4.33 - Temperature variation in a sealed 100 x 200 mm cylinder
of 70 MPa concrete
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Chapter 5

Transient Thermal Analysis and Measured

Responses of Structural Members During Hydration

ln order to accurately predict the risk of cracking, it is necessary to compare the

thermally induced stresses with the strength at different locations in structural

members. Both the induced stress and the strength are a function of the temperature

history, which varies with time and location. In order to determine the temperatures

during hydration, it is important to account for a number of factors such as heat of

hydration, thermal properties, placing temperature and boundary conditions. This

chapter deals with the measurements of temperature histories during hYdration in

different structural members subjected to different curing conditions. Finite element

thermal analyses in the time domain are carried out to predict the temperature fields

and comparisons are made between the measured and predicted responses. The

extension and modifications made to a finite element computer program to account for

heat of hydration are also presented.

5.1 Basic Concept of Heat Transfer

A transient two-dimensional thermal analysis can be carried out over the cross­

section of a member assuming that no heat flow occurs in the longitudinal direction of

the member. The basic equation governing the distribution of temperature in a solid

subjected to internai heat generation was developed by Fourier (Holman (1990)). For

a two-dimensional case, the fundamental heat flow Fourier Equation for an isotropie

and homogeneous material is given as:

105



•
where

~ pc éJT
éJt

(5.1 )

T = temperature at (x,y), at time t

JI = thermal conductivity of concrete

Q = heat generation rate within the body

p = density of concrete

c = specifie heat capacity

t = time

For an anisotropie and non-homogeneous material, the thermal conductivity and

specifie heat is temperature and space dependent which leads to non-Iinearity of the

heat flow equ:ltion. In order to determine a unique solution to Eq. 5.1, proper initial

and boundary conditions must be specified which are compatible with the physical

conditions.

The initial conditions must be defined by prescribing the temperature distribution

throughout the body at time zero, as a known function of x and y;

T(x,y,t) = f(x,y) at t=O (5.2)

•

Boundary conditions must be defined by specifying the ambient conditions and

the heat flow parameters at the boundary of the body. The ambient temperature can

be either constant or a function of time. In many engineering problems, heat may be

transferred by convection or radiation across a boundary layer and must be specified.

The convection coefficient of air is given in many references (e.g., ASHRAE (1989))

and varies from 5 to 30 W1m2 oC. It can be different for different surfaces (i.e., top,

bottom and sides) of the same cross section of a member, depending on the orientation

of the surface the speed and direction of the wind.

Solutions to Eq. 5.1 can be obtained using closed-form solutions, approximate

analytical methods and numerical methods. The closed-form solutions are given in

many classical heat transfer textbooks (e.g., Carslaw and Jaeger(1986), Holman

(1990), Pitts and Sissom (1991 li. In most of the cases, no closed-form solution exists

and the temperature field must be determined by numerical methods. Finite difference
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or finite element methods can be employed to predict the temperature distribution in

the time domain by solving the differential equation of heat flow IEq. 5.1). In order to

predict the temperatures and the resulting thermal stresses in structural members, the

finite element method is used. The transient thermal analysis requires knowledge

about the thermal properties of the concrete, including the thermal conductivity, the

rate of heat of hydration and the thermal diffusivity (i.e, A/cp) of the concrete. The

thermal properties are explained in Chapter 3.

5.2 Modifications to Finite Element Program "DETECT"

Heat flow is a three-dimensional phenomenon, however a two-dimensional

analysis can produce reasonable results, if the structural member has a uniform cross

section and has a uniform temperature distribution in the longitudinal direction. At

first, commercially available software ISAP90 (1990), ADINA-T (1992)) were used to

model and predict the temperatures in concrete elements due to the heat of hydration.

However, these programs did not account for the complex thermal activation process

during hydration captured by Arrhenius' function. It was also found that these

programs were not capable of accounting for the changing boundary conditions (such

as removal of formwork and insulation) nor the realistic effects such as retardation.

ln this study, a 2-D finite element transient thermal analysis was carried out

using a modified version of the computer program "DETECT" (Determination of

Temperatures in Construction) to predict the temperatures variations both in space and

time. This program was originally developed by Polivka and Wilson (1976) for the

analysis of structures constructed incrementally. The program is very general with

respect to geometry, material properties and boundary conditions. This program can

perform steady state or transient thermal analysis of two dimensional planar or

axisymmetric structures of arbitrary geometry. constructed incrementally. The program

was developed for the purpose of evaluating the temperature distribution during the

construction of massive structures such as dams. foundations and bridge piers. The

solution is based on the finite element technique. and includes the effects of time­

dependent boundary conditions. such as convection. presence of insulation. and

artificial cooling by means of embedded pipes. The program includes two-dimensional

4 - to 8-node planar or axisymmetric isoparametric elements. 2-node planar or
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axisymmetric solid boundary elements and linear cooling pipe elements. In this study.

the program is extended to account for the development of rate of heat of hydration

as a function of maturity based on Arrhenius' approach. Due to the low thermal

conductivity of concrete. the centre of a concrete element will be hotter than the

surface. resulting in different rates of heat of hydration at different locations in the

cross section. It has been reported by Regourd and Gautier (1980) that the rate of

heat of hydration. for each point at any instant. is a function of current temperature

and total quantity of heat already developed. Hence the computer program was

modified to keep track of the nodal temperatures. total quantity of heat developed and

maturity from previous time steps. The program was also extended to predict the

"mature" or "equivalent" age of any element from its temperature history. This

additional information is used for the stress analyses for predicting the concrete

properties as they change during hydration (see Chapter 6).

Figure 5. : shows the flow chart for the transient thermal analysis. l he steps

used to carry out the incremental transient thermal analysis are briefly described below:

i. Input data

The input data required includes the geometry. thermal properties. initial

conditions and boundary conditions. The cross-section of the member was modelied

using finite elements. The thermal properties. such as the conductivity. specific heat.

and the adiabatic temperature rise curve were provided. It is essential to properly

model the boundary conditions and any changes that occur to these conditions. The

initial conditions such as the initial concrete temperature of each element must be

defined.

ii. Increment time. at

A small time increment of at is applied such that the new conditions at time

t+at can be determined. It must be pointed out that after several analyses. it was

found that a time step of 30 minutes was sufficient to give accurate predictions.

iii. Update boundary conditions

ln order to appropriately model the key events during the construction such as

the addition or removal of formwork or insulation. a feature referred to as "the birth

and death of elements" was added to enable adjustment of the changing boundary

conditions•
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iv. Determine equivalent age "te"

The equivalent age. te' was calculated for each element using the maturity

concept described in Section 2.1.3. The adiabatic tempe(ature rise, expressed in

terms of equivalent age, was used as the reference curve for determining temperatures

and the heat of hydration.

v. Determine the incremental heat generated "t.Q

The actual rate of heat of hydration in each element is calculated as a function

of the temperature and the degree of hydration. The incremental heat generated, t.Q,

during each time step is obtained from the reference adiabatic heat of hydration curve

and adjusted for temperature using Arrhenius' expression.

vi. Solve heat balance equation

Using the finite element program "DETECT", the heat balance equation is solved

for the incremental temperature, t.T, for each element.

vii. Determine heat generated and temperature

The incremental heat generated. t.Q, is used to update the total heat generated

from the equation Q = Q + t.Q and the total temperature is determined as T = T +

t.T for each element.

viii. Store nodal values of T. te' t.Q and total Q

Necessary information such as nodal temperature, T, the equivalent age, te' the

incremental heat generated, t.Q, and the total heat generated, Q, was stored for each

element. These values will be used for determining the necessary material properties

for the subsequent stress analysis.

ix. Return to step ii and repeat steps iii through viii until the total analysis is

complete.

A post-processor was also written to enable plotting with commercially available

graphics packages. Additional modifications were made to account for changing

boundary conditions, such as addition or removal of formwork and insulation. These

additional changes enabled more accurate modelling of these important aspects of

construction. This program can then be used to study the influence of different

construction techniques enabling decisions to be made in controlling the temperature

and the temperature gradients. In the computer program "DETECT", changes in the

boundary conditions, that is, removal of formwork or addition of insulation. were
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incorporated by removing or adding ("death" and "birth") elements for both 4 to 8

nodes isoparametric and 2 node linear elements. The program has the capability of

specifying the temperature or heat flux boundary conditions at any point within the

element system. The finite element approach generates heat flow equilibrium

equations for the system in the form of a symmetric positive-defintte matrix. This

matrix is banded and equations can be solved with a minimum use of computer storage

and time. The input parameters required in "DETECT" to predict the temperature

variations are:

i. the adiabatic temperature rise curve of the concrete

H. the variation of ambient temperature

iii. the thermal conductivity, specifie heat and density of the concrete

iv. thermal properties of the boundary elements

For thermal analysis, 4 node isoparametric elements were used to model the

concrete cross-section and 2 node linear boundary elements were used for the

convection surfaces. This was felt important to carry out detailed experimental work

in order to obtain the key input information that will be needed for the predictions. It

is a weil known fact that the thermal conductivity and specifie heat of many materials

can vary with temperatures. Tests were carried out to measure these properties for

normal, medium and high-strength concretes and no significant difference were

observed. In the present study. it is assumed that thermal conductivity and specifie

heat do not change with temperature and are taken as constant. It is assumed that the

state of deformation in a body does not affect the temperature field. Therefore. a heat

transfer analysis can be carried out initially using finite element idealization and then

thermal stress analyses. including creep effects. can be performed independently.

The developed program can be used as a useful tool for the construction

industry to accurately predict temperatures. design the necessary insulation. and adopt

suitable measures to reduce the temperature gradients in concrete elements.

5.3 Experimental Program

Thermal cracking of precast pretensioned elements has been reported by the

precast industry (see Section 1.1 J. In particular. cracks have been observcd at the

surfaces of the fianges of tee shaped elements constructed using high-strength
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concrete containing silica fume. These members were cast in steel formwork and were

heated externally lnormally to 70°C).

An experimental study was carried out to measure the variations of

temperatures and strains with time at different locations in high-strength concrete

precast tee-beams and slabs. Three single tees and three slabs were constructed in the

laboratory. Table 5.1 presents the details of the composition and the fresh concrete

properties of the high-strength, ready-mix concrete (Le., design 28-day compressive

strength of 90 MPal. In addition to the casting of the slabs and tee-beams, a large

number of control specimens (i.e., 100 x 200 mm cylinders and 100 x 100 x 400 mm

long beams) were cast to determine the compressive strength and modulus of rupture

of the concrete. Ali of the concrete cylinders and flexural beams were hand rodded in

accordance with ASTM C 31-88 (1 988). Dolomite limestone coarse aggregates were

used with maximum aggregate size of 14 mm. River sand, having a fineness modulus

of 2.65, was used for this concrete mix.

The slabs and tee beams were heavily instrumented at different locations to

measure the temperatures and strains. These 1 m long specimens were subjected to

three different curing conditions (i.e., fully insulated, moist curing and air-dried curing).

Figures 5.2, 5.3, 5.4 and 5.5 show the specimens before casting, the curing conditions

and the instrumentation at different locations in the cross sections at midspan. These

curing conditions were used to study the full range of curing conditions used in

construction. The effect of the length of practical members was simulated by

insulating both ends of each specimen with 25 mm thick styrofoam insulation.

Specimens were immediately covered with polyethylene sheets after casting, except

for the air-dried specimens. Twenty five millimetre thick styrofoam sheets were used

to insulate the sides of the insulated siab and beam before casting and the top surface

of the specimens after the initial set (see Fig. 5.2 to 5.5). The insulated curinp reduces

the heat loss during hydration, and will therefore lead to higher, more uniform

temperatures and hence reduced thermal gradients. For the cases where the formwork

and insulation are removed during hydration, a rapid temperature drop near the surfaces

will occur and may cause cracking due to thermal shock. For specimens subjected to

moist and air-dried curing, the sides were not insulated. The moist-curing condition

was achieved by covering the top surfaces of the specimens with wet burlap and
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plastic sheets after the final set (i.e.• about 8 hours after casting) to avoid moisture

loss. The extreme case of air-dried curing was achieved by leaving the top surface of

the specimen exposed during hydration in the laboratory environment (i.e .• an average

ambient temperature of 22°C and relative humidity of 50 ± 15%). The formwork and

insulation were removed from the insulated specimens when their peak temperatures

were achieved. between 21 to 22 hours after casting. This subjected the specimens

to thermal shock. producing a large thermal gradient across the cross-section which

could lead to cracking.

The temperatures in the slabs and beams were measured using Type T (i.e.•

copper-constantan) thermocouples with an accuracy of ± 0.5°C. These

thermocouples were attached to a data acquisition system and readings were taken at

frequent intervals during the first 72 hours. Ambient temperature and humidity were

also recorded during the first 3 days after casting the concrete.

The adiabatic temperature rise curve was obtained by temperature-matched

curing in the specially designed water bath. A thermocouple was placed at the centre

of 100 x 200 mm vacuum sealed cylinder and placed in the water bath. Ten cylinders

and eleven flexural beams were vacuum sealed and placed in the temperature-matched

curing bath. These specimens were taken out of the water bath and tested at frequent

intervals.

Due to the very low strength and stiffness of concrete at very early ages, it is

difficult to measure the developing strains during the hardening of the concrete.

Although Klink (1975) successfully measured the internai strains in hardened concrete

cylinders under compression, there is no standard means of measuring internai strain

of very early-age concrete.

Figure 5.6 shows the embedment strain gauge used in this research study to

measure the early-age strains. This embedment gage (TML (type KM-100B)) is

designed to account for the curing strains generated by several effects, such as

thermal and shrinkage strains. TML (type KM-100B) gauges, due to their greater

flexibility and higher precision, have provided reliable information for concrete having

a stiffness of about 1000 MPa (Boulay and Paties (1993)). Ali of the gauges were

calibrated prior to placing inside the concrete. The total strain can be found as:
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where

Et = total strain

Ca = calibration coefficient

Em = measured strain

Cp = temperature correction coefficient

LI.T = difference between the measured and initial temperatures

The coefficients Ca and Cp were provided by the manufacturers. The KM-1 008

embedment strain gage has a full range capacity of ± 5000 x 10.6 and a safe

temperature range of -20 to SOoC.

5.4 Experimental Results

5.4.1 Adiabatic Temperature-TIme Response

Figure 5.7 shows the temperature increase under temperature-matched curing

of the high-strength concrete (Sa MPa) control cylinder. This adiabatic response is

iIIustrated for both real age and equivalent age. The initial mix temperature and the

ambient temperature was 17 ± 1°C. The temperature in the water bath was adjusted

close to the mix temperature before placins the concrete cylinders and flexural beams.

There is a slight increase in temperature during the first 14 hours and a sharp increase

in temperature within the next 10 hours. The curve gets fairly smooth about 24 hours

after casting. A temperature increase of about 50°C was observed for this sa MPa

concrete mix during hydration. The concrete displayed retardation of hydration during

the first 14 hours after casting, which resulted in a time lag in reaching the peak

temperature. This is due to the high dosage of superplasticizers. After the retardation

period. the siope of the temperature rise response increased very sharply. This curve

will be later used as input (i.e., adiabatic temperature rise) in predicting the temperature

variations in the tee beams and slabs.

5.4.2 Mechanical Properties

Figure 5.S shows the compressive stress-strain responses of the sa MPa

concrete for four different curing conditions. These curing conditions include
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temperature-matched curing, moist curing, sealed curing and air-dried curing. For the

temperature-matched curing, the specimens were cast in special plastic moulds, then

vacuum sealed and placed in the water bath. Th" :noist-cured specimens were covered

with wet burlap and a plastic sheet. The air-dried specimens were not covered with

a plastic sheet, both before and after demoulding. The moist, sealed and air-dried

specimens were demolded at about 22 hours after casting and kept in their respective

curing conditions for 29 days. The compressive strength and modulus of elasticity

were measured over a period of 29 days (see Table 5.2). It must be noted that early·

age curing has a significant effect on the long term strength and stiffness. The air­

dried specimens had 29- day average compressive strengths of 88 % of the moist-cured

and 92% of the sealed specimens. Figure 5.9 shows the gain in average compressive

strength from very early age up to 29 days. As can be seen the temperature-matched

cured specimens had a very rapid gain in compressive strength within a period of 2

days after casting, reaching 85 MPa at 2 days. Whereas, the sealed and air-cured

specimens achieved only about 52% of the strength and about 77% of the stiffness

of the temperature-matched values at 2 days. This demonstrates the variation of

strength and stiffness that can occur in different regions of the concrete members

during hydration. Table 5.3 presents the average f1exural strength test results due to

temperature-matched, moist and air-dried curing conditions. The influence of drying

resulted lower flexural strength for the air-cured specimens than the moist-cured

specimens, particularly for later ages.

5.4.3 Temperature-Time Responses of Slabs and Beams

Figures 5.10 through 5.15 show the measured temperature-time responses of

the slabs and tee beams subjected to insulated, moist and air-dried curing. The

temperature measurements were taken at a number of locations over the cross section.

As can be seen from these figures there is not a significant time shift between the

temperature responses of the specimens subjected to insulated and moist-curing. As

expected, the temperature-time responses for the specimens subjected to air-dried

curing, particularly the slab, are significantly affected by the curing. The insulated and

moist-cured specimens show almost no increase in temperatures during the first 2

hours after casting. There is a temperature rise of about 7°C and 6°C relative to the
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placement temperature at about 16 hours after casting for the insulated and moist­

cured slabs, respectively. On the other hand. the air-dried slab did not show any

increase in temperature during this period of hydration. This is due to the higher rate

of heat loss because of the large exposed surface area. Due to the higher dosages of

retarders and superplasticizers in this high-strength concrete mix. there is no

substantial increase in temperatures during the first 17-18 hours alter casting. Alter

the retardation period, a sudden rise in temperature was observed during a period of

4-6 hours. As expected, the insulated specimens showed higher peak temperatures

than the moist-cured and air-cured specimens at the same locations. It is also noticed

that the rate of temperature increase for the insulated and moist-cured specimens is

substantially higher than the air-cured specimens. Ali of these observations can be

explained by the maturity concept (i.e.. the rate of heat of hydration increases with

increases in temperature). Figures 5.1 a and 5.11 iIIustrate that the insulated and

moist-cured slabs have peak temperatures of 53°C and 48.50 Cat 21.5 and 21.2 hours,

respectively, alter casting. The centre of the air-dried slab had a peak temperature of

only 35°C aï 23.5 hours alter casting. The large exposed surface area of the air-dried

slab res:.J1ted in a lower peak temperature and a longer period to reach the peak

temperature. The maximum temperatures recorded were 49°C, 5aoC and 44°C in the

insulated, moist and air-dried tee-beams, respectively (Fig. 5.13, 5.14 and 5.15).

These maximum temperatures were observed at about 22.5, 22 and 21.7 hours alter

casting. Figure 5.16 shows the measured temperature responses across the flanges

of the insulated and moist cured tee-beams. As expected, minimum temperature

responses occurred at the tips of these flanges. The recorded maximum temperatures

at the tips were 37°C and 38°C at 21.25 hours alter casting. It must be pointed out

that the insulation, burlap, plastic sheets and formwork were ail removed at about the

time when the peak temperatures were achieved. This resulted in a sudden drop of

temperatures, particularly near the surfaces. This also resulted in a maximum thermal

gradient in the specimens of 15.8°C for the insulated tee-beam and 17.5°C for the

moist cured beam at about 23 hours alter casting. This large thermal gradient in very

thin flanged members may provide the potential for cracking. These figures

demonstrate the significance of curing conditions on the temperature-time response.

Plastic shrinkage cracks were observed on the top of the air-dried siab. The first
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crack (about 1 mm wide and la mm long) occurred at about 5 hours after casting near

the corner of the slab. In order to study the sensitivity of surface finishing. one-half

of the air-dried slab was screeded at a time of 4 hours while the other half was left

undisturbed. A second crack formed 6 hours after casting. The length of the initial

crack increased to 50 mm at a time of 9 hours. The combined effect of rapid drying

and striking off the surface with screeds may have produced tension on the surface,

resulting in surface cracking. It was observed that these cracks stopped propagating

after 12 hours, and became smaller in width. No cracks were observed on the moist­

cured and insulated specimens. After stripping, one crack was observed on the bottom

surface of one flange of the air-dried tee beam. This may be due to the thermal shock

from stripping the form-work when the peak temperature of the concrete was reached.

The common practice of early stripping (18-20 hours) of precast elements may cause

thermal shock and promote large thermal gradients, thus increasing the potential of

thermal cracking.

Figures 5.17, 5.18 and 5.19 iIIustrate the influence of curing on the strains

measured near the top and bottom of the precast tee beams. As expected, the

difference between the top and bottom are minimal in the case of the fully insulated

tee beam lsee Fig. 5.17), whereas the tee beam with moist curing results in a drop in

temperature near the top of the tee beam due to loss of heat near the surface (see Fig.

5.18). Air-dried curing results in a lower peak temperature, larger drop in temperatures

near the top surface and a greater shrinkage strain near the surface, both of which

result in smaller values of total strains near the surface lsee Fig. 5.19). It is apparent

from Figs. 5.18 and 5.19 that the early-age shrinkage plays a key role on the

deformations. In both cases, after the formwork removal at about 22 hours, the strains

are strongly affected by shrinkage with shortening strains of about -100 microstrains

at an age of 78 hours.

Figure 5.20 shows the total strains measured at the centre of the insulated,

moist-cured and air-dried slabs. It is apparent from this figure that the total strain

measured in the air-dried slab is dominated by the early-age shrinkage. The early-age

shrinkage plays such a dominant role in the air-dried siab that it totaUy outweighed the

expansion from the thermal effects. The strains were measured at the centre of the

slab and even larger shrinkage strains would be expected on the top exposed surface•
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Lack of proper curing can result in significant shrinkage strains (-350 microstrains at

24 hours) which may lead to early age cracking. It is interesting to note that the air­

dried slab experienced some surface cracking following the final screeding of the

concrete surface. During this stage, the slab was undergoing significam plastic

shrinkage.

5.5 Finite Element Temperature Predictions

Two-dimensionaltransientthermal analyses, with different boundary conditions,

were carried out to predict the temperatures in the slab specimens. It was assumed

that each slab was infinitely long such that there is no temperature variation in the

longitudinal direction. The middle cross-section of the slab was idealized using two­

dimensional isoparametric elemems and the boundaries were modelled by convection

elements. Figures 5.21 and 5.22 show the comparisons between the measured and

predicted temperatures at two locations (i.e., at the centre and close to the surface)

of the insulated and moist-cured slabs. In these figures, the measured ambient

temperatures are also shown. Fig 5.23 shows the comparison between the measured

and predicted temperatures at the centre of the air-dried siab. As can be seen from

these figures the predicted values show close agreement with the measured data. It

must be pointed out that the top surfao::e of the air-dried slab was not covered,

resulting in relatively low peak temperatures due to significant heat loss and the drying

effect. The boundary elements representing the plywood formwork, the burlap, the

plastic sheet and the insulation were included in the model up to 21.5 hours for the

insulated specimens and up to 22 hours for the air-dried specimens. These boundary

elements were removed to simulate the actual conditions and new surface convection

elements were employed. The input parameters included the adiabatic temperature

curve, the thermal conductivity, density and specific heat as weil as the appropriate

thermal characteristics of the boundary elements. Table 5.4 presents the parameters

used for thermal analyses. It was assumed that the thermal conductivity and the

specific heat (taken as average of air-dried and saturated concrete) of the concrete did

not change with age and temperature. The thermal properties of the boundary

elements, such as the plywood and insulation, weretaken from manufacturers data and

other information, such as the convection coefficient of air, were taken from
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handbooks (ASHRAE (1989). CPCI (1987)). Due to the controlled laboratory

conditions. the convection heat transfer coefficient of still air was used in the analyses.

Figure 5.24 shows the predicted temperature contours for the three slabs

(insulated, moist cured and air-driedl using the modified version of program "DETECT".

Temperatures were predicted at the time corresponding to the maximum thermal

differences (i.e., about 22 hours) in the slabs. Figure 5.24 shows predicted

temperature differences of 6.8, 6.4 and 4.4°C for the insulated. moist-cured and air­

dried slabs, respectively. The maximum measured temperature differences between

the centre and the outside surface were 7.0oC for the insulated siab and 6.5°C for the

moist-cured slab occurring at about 23 hours after casting. Unlike the other two slabs,

the air-dried slab did not have a thermocouple at the corner of the slab. As predicted,

the insulated slab experienced the highest temperature difference after the removal of

formwork, which can result in significant restraint stresses and the possibility of

thermal cracking.

5.5.1 Temperature Predictions for Large Concrete Columns

Three large 1 x 1 x 2 m high plain concrete columns were cast at McGiII

University using ready-mix concrete (Cook et al (1992)). The mixes were designed to

produce normal-strength concrete (35 MPa compressive strength at 28 days). a high­

strength concrete (90 MPa compressive strength at 28 daysl and a very high·strength

concrete (120 MPa compressive strength at 28 daysl. Both the 90 and 120 MPa

concrete mixes used a blended cement comaining 7·8% by volume of silica fume.

Thermocouples were used to measure the temperatures at a number of locations over

the cross section, located at the mid-height of each column and along the centreline

of each column. The locations of these thermocouples, having a precision of 0.1 oC,

are shown in Fig. 5.25. The initial concrete temperatures, on delivery from the ready

mix plant, were 25.5, 22 and 16.50 C for the 35, 90 and 120 MPa concretes,

respectively. These values were used as the initial temperature condition in the thermal

analyses (see Table 5.4). It must be pointed out that the initial concrete temperature

is a very important factor which can affect the rate of temperature rise and the peak

temperature. The peak temperatures recorded were 68, 68 and 63°C, with

corresponding temperature rises of 43, 46 and 47°C, for the 35, 90 and 120 MPa
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concrete columns. respectively .

Figure 5.26 shows the comparison between the measured and predicted

temperatures at the centre and midside surface of each column. In the two­

dimensional analyses. only one quarter of the 1 x 1 m column cross section was

modelled due to symmetry about the X and Y axes. It was assumed that the column

was significantly long such that there was no temperature variation in the Z-direction,

thus permitting a two-dimensional analysis to be carried out. The measured ambient

temperatures are also shown in Fig. 5.26, and are used in predicting the temperatures.

There is a reasonably close agreement between the measured and predicted values of

temperatures. The largest difference between the predicted and measured peak

temperatures was 2°C for the 35 MPa concrete column.

Figure 5.27 shows the predicted temperature contours corresponding to the

maximum thermal gradient in a quadrant of 1 x 1 r"'I cross section for the 35, 90 and

120 MPa concrete columns. As can be seen from this figure the 35 MPa and 90 MPa

columns have nearly identical temperature differences (i.e., 23°C for 35 MPa and 22°C

for 90 MPal. between the centre and the corner of the column. On the other hand,

120 MPa concrete column showed a significantly smaller temperature difference of

17°C. No cracks were observed at the surfaces of these columns.

It must be pointed out that although these temperature differences accurately

model the actual conditions experienced in the hydrating concrete columns. they do not

provide a fair comparison because of the significantly different initial temperatures of

the concrete and the different ambient temperature conditions. Parametric studies of

the temperatures and stresses developed in large columns, made from different

concretes, having the same initial concrete temperatures and the same ambient

conditions are presen~ed in Chapter 6.

5.5.2 Temperature Predictions for a Large Precast I-Girder

Figure 5.28 shows the predicted temperature contours in a large precast

pretensioned I·girder section. This cross section is a standard CPCI 2300 section with

an over ail depth of 2300 mm and a web thickness of 150 mm. This section is

currently being used for a major project in eastern Canada. Analyses were carried out

using the modified version of program "DETECT" in which the following assumptions
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were made:

i. A temperature-matched curing curve consistent with that obtained for

the 100 MPa high-strength concrete used in this research program.

ii. The initial concrete temperature was assumed to be 18°C and a

constant ambient temperature of 22°C was used.

iii. In one case steel formwork with a thickness of 10 mm was assumed,

and in the other case plywood formwork with a thickness of 20 mm was

assumed (see Table 5.4, Fig's 5.30 and 5.31 l.

iv. It was assumed that the formwork was removed 20 hours after casting.

v. Parametric studies were carried out with different values of thermal

conductivity and specific heat.

The removal of the formwork at a time of 20 hours after casting simulated

normal practice in the precast concrete industry. A maximum temperature of 500 C

was found at the centre of the bottom flange, and a peak temperature of 44°C was

predicted at the centre of the web (see Fig. 5.28). Cracking was observed, upon form

removal, in the first CPCI 2300 girder fabricated. This was accentuated by very low

ambient temperatures (about SOC) at the outdoor precast plant, during the casting of

the first girder.

Figure 5.29 shows the maximum predicted temperature histories at the centre

of the bottom flange of the I-girder due to the use of either plywood or steel formwork.

As expected. the concrete cast in steel formwork resulted in lower peak temperature

(about 4°C lowerl than the concrete cast in wooden formwork. This is due to the very

high thermal conductivity of steel as compared to plywood. It must be pointed out that

concrete cast in wooden formwork will result in higher temperatures but lower

temperature differences between the centre and surface of the member compared to

that cast in steel formwork. While at first this may appear to be advantageous, the

wooden formwork. however. may result in higher thermal stresses upon sudden form

removal as the member cools quickly. Steel formwork is preferred in the precast

industry. Another important factor affecting cracking during hydration is the presence

of external restraint effects. For this case. the CPCI girder is restrained in the

longitudinal direction by a large number of pretensioned strands anchored in the

pretensioning bed. Hence as the member rapidly cools after form removal. the tensile
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stresses arising from the restraint offered by the pretensioned strands together with

the tensile stresses developed from thermal gradients as the member cools may result

in cracking.

Temperature predictions have also been made for the I-girder to study the

influence of thermal conductivity of the concrete. Factors such as age. composition

and types of aggregates have a strong influence on the conductivity. Figure 5.30

i1Justrates the temperature variations due to different thermal conductivity values

ranging from 1 W/m-oC to 3 W/m-oC. The other parameters. such as specifie heat,

density, formwork and boundary conditions were kept the same. As expected. the

temperature decreases as the thermal conductivity increases. There is about a 3°C

drop in peak temperature as the thermal conductivity is increased from 1 to 3 W lm-oC.

Figure 5.31 i1Justrates the effect of the specifie heat of concrete on the

temperature rise. Thermal analyses were carried using a wide range of specific heat

values of concrete (i.e., from 0.5 J/g-OC W 1.0 J/g-OC). As expected, the temperature

decreases with decreasing values of spe=ific heat for a constant value of thermal

conductivity and density. A range of peak temperatures from 57°C to 52°C were

predicted as the specific heat varied from 1.0 J/g-OC and 0.5 J/g-OC, respectively•

121



•

•

Table 5.1 - Composition and properties of 90 MPa ready mix concrete

1
Characteristics

1
90 MPa

1

cement (Type 10), kg/m3 570
.

fine aggregates, kg/m 3 730

coarse aggregates, kg/m3 960

total water", kg/m3 143

water-Cement ratio 0.25

water-reducing agent, ml/100 kg of cement 370

superplasticizer, ml/1 00 kg of cement 2100

slump, mm 200

air content, % 1.5

density, kg/m3 2417

* Type 10 blended cement containing 8 - 9 % silica fume

* * Includes the water in admixtures
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Table 5.2 - Compressive strength and elastic modulus for 90 MPa concrete for different
curing conditions

Age fe ltl E, 1'1
ldays) IMPel IGPel

Temperature-matched curing

S1 S2 S3 Mean S1 S2 S3 Mean

0.59 4.62 · · 4.62 3.75 · · 3.75

0.66 24.06 · · 24.06 21.00 · · 21.00

0.76 33.95 · 33.95 29.00 · · 29.00

1.89 82.13 · · 82.13 39.80 · · 39.80

2.02 84.94 · · 84.94 41.30 · · 41.30

Moist curing

0.71 1.60 · · 1.60 1.70 · · 1.70

0.81 13.41 · · 13.41 10.40 · · 10.40

1.03 33.59 · · 33.59 26.30 · · 26.30

1.84 44.16 · · 44.16 31.60 · · 31.60

6 63.08 62.20 · 62.60 30.70 32.70 · 31.70

7 70.23 69.80 · 70.00 36.40 37.30 · 36.80

22 87.45 85.00 · 86.20 38.80 · · 38.80

29 87.10 87.20 90.30 88.20 39.30 · 41.00 40.10

Sealod curing

0.G8 0.79 · · 0.79 . · · .

0.85 25.99 · · 25.99 24.10 · · 24.10

1.05 34.14 · · 34.14 27.80 · · 27.80

6 60.35 61.70 · 61.05 30.00 · · 30.00

23 83.22 83.20 86.90 84.4 38.00 37.90 40.00 38.60

29 87.25 85.30 · 86.3 37.60 39.00 · 38.30

Alr-driod curing

0.83 10.19 · · 10.19 10.60 · · 10.60

0.88 24.14 · · 24.14 21.30 · · 21.30

1.83 42.26 · · 42.26 30.50 · · 30.50

6 57.58 59.60 · 58.60 32.50 32.80 · 32.70

7 63.61 62.90 · 63.20 35.60 33.10 · 34.40

29 76.47 78.60 76.20 77.10 34.40 35.50 35.70 35.20
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Table 5.3 - Average flexural strength test results for 90 MPa concrete due to

different curing conditions

•

Age Temperature- Age Moist Age Air-dried

(days) matched (daysl curing (days) curing

curing fr(t), MPa fr(t), MPa

frIt). MPa

0.65 2.41 0.81 2.06 0.82 1.03

1.01 5.35 1.04 4.95 1.03 4.92

1.91 8.01 34 7.40 34 5.30

8 9.13 - - - -
14 9.49 - - - -
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• Table 5.4 - Parameters used for thermal analyses of columns, slabs and I-girder

Parameters 35 MPa Column 90 MPa Column 120 MPa Column

conductivity 1.40 1.68 1.80
(W/m-oC)

specifie heat 1170 1050 1000
(J/kg-OC)

convection 8.3 8.3 8.3
coefficient
(W/m2_oC)

initial T (oC) 25.5 22.0 16.5

ambient T (OC) 23.5-29.0 17.0-24.0 14.5-27.0
(see Fig. 5.25) (see Fig. 5.25) (see Fig. 5.25)

adiabatic LI.T (OC) 42.0 50.0 52.0

density (kg/m3) 2300 2410 2505

formwork type plywood· (20mm) plywood· (20 plywood· (20 mm)
mm)

Parameters 90 MPa Slabs 50 MPa I-Girder

conductivity 1.76 1.17
(W/m-OC)

specifie heat 770 864
Wkg·oC)

convection 8.3 (side) 8.3 (side)
coefficient 9.3 (bottom) 9.3 (bottom)
(W/m2_oC) 6.2 (top) 6.2 (top)

initial T (OC) 18.0 18.0

ambient T (OC) 18.5-25.5 22.0
(see Fig. 5.20)

adiabatic LI.T (OC) 50.0 50.0
(see Fig. 5.6) (see Fig. 5.6)

density (kg/m3) 2480 2300

formwork and plywood· (18 mm) steel- (10 mm)
insulation styrofoam··(25mm) or plywood· (20 mm)

burlap" (5mm)

•
•
••
o

•

conductivity = 0.12 Wlm-oC. specifie heat = 1213J/kg_oC. density = 545 kg/m3
conductivity = 0.03 W/m-oC. specifie heat = 1213 J/kg_oC. density = 29 kg/m3
conductivity = 0.02 W/m-oC. specifie heat = 1280 J/kg_oC. density = 30 kg/m3
conductivity = 54 W/m-oC. specifie heat = 465 J/kg_oC. density = 7833 kg/m3
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ITRANSIENT THERMAL ANALYSISI

• Geometry
Input Data

• Thermal properties
• Initial and boundary conditions

Increment time, t = t + .M

1

Update boundary conditions
• birth and death of elements

1

Equivalent age, t"
(Using Maturity Concept)

1

Incrementai heat generated, .6.Q

.6.Q =[Q(t"+.6.t)-Q(t,,)1
1_ El 1 _ 1 ~

x exp R 273+T 273+20c

1

Solve heat balance eq. for .6.T

1cl\.6.f1+1KIl.6.TI= I.6.Q1
1

Total heat and temperature
Q= Q +.6.Q
T=T+.6.T

Store nodal T, t", .6.Q, and
total Q for each element

Figure 5.1- Flow chart for the transient thermal analysis
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Figure 5.2 - Photograph of insulated slab and instrumentation before casting

Figure 5.3 - Photograph of insulated tee beam and instrumentation before casting
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Figure 5.7 - Temperature increase of 90 MPa concrete during

temperature-matched curing
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Chapter 6

Thermal Stress Analysis of Structural Members

During Hydration

This chapter presents a method for determining thermal stresses during

hydration in concrete members. In order to carry out this stress analysis it is necessary

to first predict the temperature histories, using transient thermal analyses (see Chapter

51 and to predict the key mechanical properties, at different locations in the member.

ln order to demonstrate the capabilities of the stress analysis in the time domain the

stresses developed during hydration are predicted for large concrete columns. A

parametric study is carried out on the influence of concrete strength, initial and ambient

temperature conditions, as weil as the time of form removal on the risk of thermal

cracking. The important effect of early-age creep during hydration on the development

of thermal restraint stresses is also studied.

6.1 Basic Concepts of Induced Thermal Stresses

During hydration, different regions of a cross-section of a concrete member may

experience induced thermal stresses due to non-Iinear temperature distributions in the

member. Figure 6.1 shows schematically the temperature variations, and the resulting

induced stresses, at the centre and at the surface of a cross-section during hydration.

During hydration when temperatures are increasing, compressive stresses will develop

at the centre, where higher temperatures exist, and tensile stresses develop near the

surface where the temperature is lower. When the centre of the concrete starts

cooling, the self-equilibrating stresses due to the thermal gradient tend to cause the

reverse effect, with reduced compressive stresses and even tensile stresses developing

at the centre of the concrete. It must be pointed out that the concrete has lower

strength, lower elastic modulus and significant creep during the early period of
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• temperature rise. Although the tensile strength of the concrete is lower at this time.

the combined effect of the low elastic modulus and high creep may significantly reduce

the potential of surface cracking. During the cooling phase. the concrete has higher

strength. resulting in an increased modulus of elasticity and reduced creep. Therefore.

the stress relieving effect of creep on the 'esulting tensile stresses. during cooling. will

be lower. If cracks appear at the surface during the temperature rise. they will tend

to close during the drop of temperature due to compressive stresses developing at the

surface (Neville (1981 ll.

6.2 Stress Analysis in the TIme Domain

ln order to understand the way in which concrete stresses can arise from

thermal and shrinkage strain gradients it is necessary to consider the different

components of strain. The total strain in the concrete. Ee, can be found from:

(6.1 )

where Eth is the thermal strain, Esh is the shrinkage strain and Eel is the strain causing

stress in the concrete.

If it is assumed that, due to compatibility, plane-sections remain plane, then the

total strain, Ee, must vary in a Iînear manner over a cross section. Hence, if both the

thermal strain and the shrinkage vary uniformly or Iinearly over the cross section of a

statically determinate beam, then no strains causing stress will be developed and the

concrete stresses will be zero (see Fig. 6.2a and 6.2bl. If, on the other hand, the

shrinkage strains and thermal strains vary in a non-Iînear fashion over the section, then

strains causing stress will be generated in order that compatibility is achieved (see Fig.

6.2cl. If the concrete stress-strain relationship is Iinear and the concrete remains

uncracked, the stress, f e, in the concrete can be determined from:

(6.2)

•
where Ee is the modulus of elasticity of the concrete.

The simple apprl)ach for determining concrete stresses described above

assumes that the strains due to shrinkage and thermal effects occurred

instantaneously. That is, there was no graduai development of these strains and hence
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• it was not necessary to track the buildup of stresses in the time domain. However,

during the hydration process the problem of finding the cr,ncrete stresses requires a

morle complex analysis. It is necessary to carry out a transient thermal analysis to

determine the history of temperature development over the cross section due to

hydration. Once the history of temperatures is determined, then the time-wise

variation of thermal strains can be determined provided that the coefficient of thermal

expansion, oc' is known li.e., Eth = OC t.TI. The shrinkage strains will vary over the

cross section and will change with time. In order to determine the shrinkage strains

it is necessary to know the shrinkage strain development in the concrete for different

curing conditions. Once the history of strain development has been determined then

a stress analysis can be conducted. A finite element analysis can be carried out in the

time domain. For each time step, j, the strains causing stress are first determined from

Equation 16.1). The incremental instantaneous concrete stress, t.fc(tj) for the time

period tj•1 to t j is calculated as:

(6.3)

where t.EC!(tj) is the incremental strain causing stress between t j' 1 and tj' and Ec(tj) is

the instantaneous modulus of the concrete at time tj' To determine the total stress in

the concrete at time t, it is necessary to add to Mcltj) the sum of the incremental

stresses that have occurred during the previous time steps, duly adjusted to take

account of the creep that has occurred. In order to account for the influence of creep,

an effective modulus which accounts for the elastic modulus at the time of loading,

Ec(tjl, and the creep coefficient, t/J (tn,t j.1)' can be derived from the creep expression

given in the CES-FIP code (1990). This effective adjusted modulus, Ec,effl~l, can be

derived from Eq. (4.6), as:

(6.4)

•
It is interesting to note that, for mature concrete, this equation reduces to the weil

known relationship for the effective modulus for loading applied at ta and held constant

until time t, as:
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• (6.5)

The incremental stress in the concrete. L\.fc.eff(tj ). at time tj including creep. can be

determined by adjusting the incremental instantaneous stress. L\.fc(tjl. by:

(6.6)

The incremental stress accounting for creep can be derived from Eq. (6.4) and Eq. (6.6)

as:

(6.7)

ln order to determine the stress in the concrete at any time. tn• it is necessary to sum

up the incremental stresses developed in the previous time steps duly accounting for

the influence of creep. Hence the total stress at time tn is:

(6.8)

•

where L\.fcltj ) is the incremental instantaneous concrete stress between time t j., and

tj' and t1*n.tj.,) is the creep coefficient for loading from time t j., to time tn• Therefore.

to determine the concrete stress at a particular location in the cross section at a

particular time requires information on the variation of the instantaneous modulus of

the concrete as weil as information on the creep coefficient.

Once the concrete stresses have been determined at different locations in the

cross section as a function of time then the risk of cracking can be assessed. The risk

of cracking at any location can be judged from the variation ef the ratio ef the

maximum principal tensile stress te the tensile strength ofthe cencrete (i.e•• u, (t)/frlt)).

ln 1967. Trost developed an a9ing coefficient to account fer creep in a situation

where mature cencrete is subjected to incrementally applied stress and hence is useful

in carrying out analyses for stage-wise construction (Ghali and Favre (1986). Equation
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16.81 accounts for the more complex situation of incrementally applied stress on

maturing concrete where the stiffness of the cor.crete is rapidiy changing. In the

procedure described above, the incremental analysis in the time domain captures the

effects of the changing concrete stiffness, the char.ging stress in the concrete and the

corrèsponding creep. The incremental stresses in the concrete were determined by

using subroutines developed to track the changing concrete properties and to provide

the input data for carrying out linear elastic stress analyses. The computer program

"SAP90" (SAP90 (1989)) was used for the finite element stress analysis at each time

step.

Figure 6.3 shows the flow chart for the incremental stress analysis. The steps

used in the analysis are summarized below:

1. Input data

The geometry of the member was first defined using finite elements. The

boundary conditions were modelled appropriately for the stress analysis.

iL Increment time, at

A small time increment of at is applied such that the new conditions at time

t + at can be determined.

iii. Results from thermal analysis

Thermal analysis was carried out to determine the temperature history of each

element of the cross-section, as discussed in Section 5.2. The effect of temperature

was accounted for in predicting the changing mechanical properties using the maturity

concept. The incremental thermalloads and the mechanical properties of each element

at each time step were incorporated in the stress analysis.

iv. Solve load-displacement equation

The stiffness equations were solved for the incremental displacements, au.

v. Determine incremental stress

BV knowing the changing stiffness of each element, the incremental stresses,

af, were calculated for each element during each time step.

vi. Compute total stress accounting for creep

Once the incremental stresses, af, were determined for different locations of

the cross-section, these stresses were adjusted for earlv age creep. The total stress

was obtained bV summing up the incremental stresses developed in the previous time
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steps, duly accounting for the influence of creep. The risk of cracking at any location

can be assessed by comparing the maximum principal stresses with the predicted

tensile strength of the concrete at each instant of time.

The results obtained from analyses using this procedure, with and without

creep, are presented in the following sections.

6.3 Predicted Thermal Stresses in Large Concrete Columns

6.3.1 Predicted Strength and Stiffness

ln order to demonstrate the analysis techniques, three 1m by 1m by 2m high

concrete columns (Cook et al (1992)) will be studied. To predict the thermally induced

stresses during hydration. it is necessary to first predict the variations of temperature

with time and the changing properties of the concrete. The temperature histories were

predicted by performing two-dimensional thermal analyses across the cross section,

by assuming that there was no temperature gradient over the height of the column.

These predictions were made for ail three columns. that is. the 35. 90 and 120 MPa

concrete columns (see Section 5.5.1 l. Figure 6.4a shows the finite element

ide<Jlization used to model the mid-height quadrant of a concrete column. Due to

symmetry. only one quarter of the horizontal slice was modeled for predicting both the

temperatures and induced stresses during hydration. Wood formwork of 20 mm

thickness was modeled by defining the corresponding thermal properties in the

modified version of program "DETECT". For these predictions the measured ambient

temperature-time data was used (see Fig. 5.26). Figure 6.4b iIIustrates the predicted

time-wise variations of the mechanical properties during hydration. for the centre and

corner elements of 120 MPa concrete column. These properties were predicted by

tracking the conditions of the different elements and accounting for the history of

temperatures using the maturity concept. These changing material properties were

used in predicting the induced stresses and to assess the potential for cracking in each

column. As can be seen from Fig. 6.4b there is a substantially higher rate of strength

and stiffness gain during the first 24 hours after casting. As expected. due to the

differences in maturity. the centre achieves higher strengths and stiffnesses than the

corner element. particularly during the first 24 hours. Concrete compressive strengths

of 78 MPa and 64 MPa are predicted at the centre and at the corner of column•
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• respectively, at 24 hours Isee Fig. 6.4b). Thirteen days after casting, there is a

levelling off of the strength gain, with predicted compressive strengths of 98 MPa and

95 MPa at the centre and corner of the 120 MPa column. Miao et al {19931 conducted

core tests on the 120 MPa column at 91 days, which resulted in an average

compressive strength of 98.7 MPa for the interior and 98.6 MPa for cores taken near

the corner.

Figure 6.5 shows the predicted compressive strength contours at the mid-height

quadrant of the 35, 90 and 120 MPa concrete columns at 24 hours. This figure

illustrates that there is a significant difference (about 21 %1 in the strength at the centre

and cerner of the column. due to the difference in maturity. In order to accurately

predict the induced thermal stresses during hydration this variation must be accounted

for.

6.3.2 Thermal Stresses Without Accounting for Creep

Three-dimensional transient stress analyses were carried out for the three

columns made of different r;oncretes. In these analyses, it was assumed that the

material exhibits Iinear stress-strain responses and that the principle of superposition

is applicable. TC' simulate the conditions on the mid-height slice. the deforrooations in

the Z-direction were constrained to be the same, since plane sections were assumed

to remain plane. Since the material properties of the concrete change rapidly during

the early period of hydration, incremental analyses were carried out in the time domain,

using small time steps. As described in Section 6.2 subroutines were developed to

track the rapidly changing material properties in each time step and to provide the data

necessary for Iinear elastic analyses. The resulting incremental stresses are then added

to determine the total stress-time history for each element.

It must be pointed out that the measured initial and ambient temperature values

were used during these analyses and the same concrete thermal properties given in

Table 5.4 were assumed. Wood formwork was removed from the boundaries at 120

hours after casting (actual case). Figures 6.6, 6.7, and 6.8 show the predicted

temperatures, and maximum principal stresses developed at the centre and corner of

the 35. 90 and 120 MPa ccncrete columns during hydration. The variations of the

p;aàicted tensiie strengths of the corner elements are also presenteè. As expected. the
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corner experienced a sudden drop of temperature at 120 hours. due to the removal of

the formwork. Whereas. the centre of the column did not experience any significant

drop due to the large column dimensions and low diffusivity of the concrete. The

maximum compressive stresses are developed at the centre and the maximum tensile

stresses are developed at the corner of these columns. as expected. During the

cooling phase, reversai of stresses is predicted, that is. tension at the centre and

compressive stresses near the surface. It must be pointed out that the effect of creep,

on the developed thermal stresses, has not been accounted for in these analyses and

hence the predicted stresses are overestimated. Figure 6.9 shows the variation of the

predicted temperature differentials between the centre and the corner elements for

each of the three columns. As can be seen from this "figure the 35 and 90 MPa

concrete columns have experienced maximum temperature differentials of 25.5°C at

32 hours and 24.5°C at 30 hours, respectively. The 120 MPa concrete column

showed a maximum temperature differential of 20°C at 41 hours. It must be pointed

out that these columns had different initial concrete temperatures and werE: subjected

to different ambient conditions. The potential for cracking at any time can be assessed

by comparing the maximum principal tensile stress with the tensile strength at that

instant. Machida and Uehara (1987) presented the cracking potential in terms of a

cracking index, that is, the ratio of the tensile strength to the tensiie stress. It has

been suggested that the probability of cracking is 50% for a cracking index of 1.0,

whereas, there is a 95% probability of no cracking for a cracking incfex of 1.5 or

greater for massive concrete members. It has been suggested by the Japan Concrete

Institute (1986) that the possibility of cracking can be considered negligible, if the

maximum principal tensile stress is less than 50% of the tensile strength. Figure 6.10

compares the variations in the ratios of the predicted maximum principal tensile stress

to the tensile strengths for the three columns. As can be seen from this figure ail of

these ratios are less than 1.0. The 35 and 90 MPa concretes show about the same

values of these ratios (i.e., 0.6), whereas the 120 MPa concrete shows a value of

0.42. The lower risk of cracking in the 120 MPa concrete column can be attributed

due to lower thermal gradient and higher rate of tensile strength gain. This smaller

potential for cracring of the 120 MPa concrete column is also due to the fact that the

column had a lower initial placing temperature and a lower ambient temperature than
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the other two columns. Because of the different placing temperatures and the different

ambient conditions it is not prudent to make general conclusions from these analyses

about the influence of concrete strength on the risk of cracking. No cracks were

observed on the surface of any of the columns at a time of 120 hours (Le., time of

form removal).

6.4 Influence of Concrete Strength and Creep on Thermal

Stresses in Large Columns

ln this section, some of t; "" key parameters influencing the risk of cracking of

large concrete columns will be studied. In Chapter 1, several measures taken by

engineers and contractors to control the temperature differential in structural members

were discussed. One rule-of-thumb is to Iimit the temperature differential across a

section to about 20°C (Fitzgibbon (1976)) in order to prevent surface cracking. For

high-strength concrete, it has been suggested that the maximum temperature be Iimited

to 70°C ICSA Standard A23.1 (1994)) and that the initial temperature be limited to

25°C IRyeli and Bickley (1987)). Special measures to control cracking in young

concrete include using insulation, cooling and special curing techniques. Early removal

of formwork or insulation in structural members and abruptly discontinued cooling of

mass concrete may result in thermal shock. The effect of initial concrete temperature

and the ambient temperature can have a vital impact on the very early-age restraint

stresses and therefore the susceptibility of surface cracking due to ternperature

differentials. In massive concrete structures (e.g., dams), the degree of restraint

imposed by existing hardened concrete on the newly cast concrete, and the

temperature differential between the successive casts are of the prime concern.

A parametric study was conducted to study the influence of early form removal,

the effect of concrete strength and the influence of concrete creep on the thermal

gradients and the development of thermal stresses in large columns. In order to

compare the results and observe the influence of concrete strength and early form

removal on the stresses, the same concrete thermal properties given in Table 5.4 were

assumed except that the initial and ambient concrete temperatures were assumed to

be constant (i.e., 20°C) for the 35, 90 and 120 MPa concrete columns. Figure 6.11

iIIustrates the shape of the predicted temperature distribution for the 35 MPa concrete
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column at 24 hours. Maximum temperatures of 62°C and 37°C are predicted at the

centre and at the corner, respectively, whereas midside of the cross-section developed

a temperature of 48°C. It must be pointed out that ail of these columns were cast in

wood formwork, having a thickness of 20 mm. In ail of these cases, the boundary

elemems (i.e., wood formworkl were removed at 24 hours and the convection

elements were shifted to the surfaces. Figures 6.12, 6.13 and 6.14 show the

predicted temperatures and maximum principal thermal stresses at two locations of the

cross section (i.e., centre and corner) for the three columns. These predictions were

made with and without accounting for creep. As expected, there is a sudden drop of

temperature at the surface upon form removal, while the centre of the column does not

experience such a drop in temperature due to its large size. This early removal of

formworl< resulted in a large thermal gradient (thermal shock) across the cross section

during this early period of hydration. This large temperature differential resulted in

significantly increased thermal stresses (see Fig's 6.12, 6.13 and 6.14). It must be

pointed out that form removal at very early ages, particularly at the peak temperatures,

will increase the induced stresses resulting from the higher therrrai gradient as weil as

from the differential shrinkage. Early form removal also will result in lower tensile

strengths near the surface due to both lower temperatures and drying eHects. Figures

6.12, 6.13 and 6.14 also show the effect of creep on the induced stresses during

hydration. In these analyses, a relative humidity of 90% was assumed durin9 the first

24 hours for the whole cross-section and a value of 50 % was assumed for the surface

elements after the form removal. For each of the time steps account was taken of the

changing concrete strengths and moduli for the three different concretes by using the

CEB-FIP Code Equations (1990) for the creep coefficient and using the effective

modulus approach given in Section 6.2. As expected, the creep has relieved both the

compressive and tensile stresses and has lowered the risk of cracking.

Figures 6.15 and 6.16 show the predicted temperature differentials and ratios

of maximum principal tensile stress to tensile strength. Creep was accounted for in the

predictions shown in Fig. 6.16. Maximum temperature differentials of 34°C, 33°C and

33°C occurred for the 35, 90 and 120 MPa concrete columns by removing the

formwork at 24 hours. As can be seen from Fig. 6.16 the risk of cracking has

substantially increased due to the early stripping of the formwork. Although the 90
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MPa concrete column shows the maximum potential for cracking, the maximum

principal tensile stress to tensile strength ratios are ail below 1.0. These ratios are

given in Table 6.1 for the cases with and without creep. The predicted stress to

strength ratios, including creep, are 0.75, 0.87 and 0.78 for the 35, 90, and 120 MPa

concretes. respectively. Although the temperature differentials are similar for the three

columns, the higher strength concrete develops larger tensile stresses due to its higher

modulus. However, these higher stresses can be compensated for by the higher tensile

strength gain for the higher strength concretes. This is particularly evident for the 120

MPa concrete which has about the same risk of cracking as the 35 MPa concrete

column.

6.5 Predicted Thermal Stresses in a Large Precast I-Girder

ln this section, the thermal stresses induced in the large precast pretensioned

I-girder described in Section 5.5.2 are determined. This CPCI 2300 I-girder was cast

in an outdoor precast plant. In order to demonstrate the thermal and stress analysis,

the stresses will be predicted in the member following form stripping and immediately

following prestress release. The variation of temperatures during hydration and the

corresponding concrete strengths in the cross-section of I-girder were predicted using

the modified version of program "DETECT". In this analysis, the following assumptions

were made:

i. The formwork was removed 20 hours after casting.

ii. A constant ambient temperature of 20°C was assumed up until form

stripping at time of 20 hours. From this time. the member was

subjected to a constant ambient temperature of 5°C to simulate tl"le

possible conditions at the site.

iii. The initial placing tempe~ature was assumed to be 18°C.

Figure 6.1 7a shows the predicted temperature contours just before form

removal. In order to carry out a plane-sections stress analysis using program

"RESPONSE" (Collins and Mitchell (1991)) the cross section was discretized into six

layers as shown in Fig. 6.1 7b. The strands were included in the idealization of the

cross section by Jumping the area of the strand (36 x 99 = 3564 mm2) at their

centroid for the midspan section. The average predicted compressive strengths just

161



• after removal of the formwork are shown in Fig. 6.17b. Figure 6.17c shows the drop

in predicted temperature expressed as an average value of temperature drop across the

width of each element, for the case where the maximum thermal gradient occurs

(within one hour after stripping). As can be seen at this stage the temperature drops

of 3°C, 19°C and 5.2°C have occurred at the top, near the centre of the web and at

the bonom, respectively, of the I-girder. Figure 6.17d shows an elevation vicw of the

30 m long girder in the stressing bed. The member is pretensioned with 36- 13 mm

diameter strands with harping points at the third points of the span.

Figure 6. 18a iIIustrates the results of the plane-sections analysis for the case

where the precast beam has been stripped and the maximum thermal differential of

19°C has occurred about one hour after form removal. Because the pretensioning has

not been released, the temperature drop results in a axialload restraint force, N, in the

longitudinal direction due to the cooling of the pretensioned strands which are fixed at

the end abutments. The restraint force, N, was calculated from equilibrium and

compatibility considering a shortening strain of 0.076 x 10-3 at the centroid of the

section due to thermalloading on an unrestrained member. The resultant force of 497

kN which was combined with the non-linear thermal strain variation over the cross

section. The resulting strains in the cross section are given in Fig. 6. 18a with the

strain causing stress calculated from the linear strain distribution of the total strain and

the non-Iinear thermal strain distribution li.e., €eb = €e - Eth)' The stresses in the

concrete, f e, were calculated assuming linear elastic, uncracked concrete with the

appropriate moduli, Ee, being used for eact·:ayer. As can be seen from Fig. 6.18a the

top and bonom flanges have very smail compressive stresses, while the web

experiences tensile stresses. The peak tensile stress predicted is 3.89 MPa near the

centre of the web. This figure also shows the variation of the modulus of rupture of

the flange and web concrete. As can be seen the predicted tensile stress exceeds the

predicted modulus of rupture, f r, at the centre of the web, and wouId result in cracking

of the web starting at about mid height. In order to assess the extent of cracking at

this stage a non-Iinear analysis was carried out with program "RE5PON5E" sening the

cracking stress in the different layers to the correct value of the modulus of rupture.

This analysis indicated that cracking will extend over a total height of about 1000 mm.

This significant cracking in the web is due to the combined effect of the non-Iinear
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thermal strain distribution due to rapid cooling, together with the external restraint from

the anchored pretensioning strands. This type of thermal cracking actually occurred

on a high-strength CPCI 2300 I-girder just after the removal of the formwork. as

described in Chapter 5.

Figure 6.18b shows the similar analysis just after release of the two harping

points. The release of the harping points produces a net negative moment of 140 kN­

m at midspan. As can be seen from this figure, the tensile stresses have increased

slightly from the elastic analysis. Figure 6.19 shows the predicted concrete stresses

after release of the strands from the end abutments. This condition combined with the

non-linear thermal strain distribution results in compressive stresses over the height of

the section, which would close the crack in the web. These analyses were carried out

neglecting creep because the thermal loading due to removal of the formwork was

applied very rapidly. Figure 6.20 shows four 2300 mm deep CPCI high-strength 1­

girders after prestress release that had been produced in an outdoor precasting plant

during winter. Cracking was observed in the web at midspan of the first girder cast,

just after form removal when the ambient temperature was 5°C. Upon prestress

release, the crack closed. These observations together with the predicted response of

the stresses in the concrete iIIustrate the need to consider the effect of thermal

stresses and external re:>~raint during the production of precast elements•
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Table 6.1 • Comparisons between the maximum principal tensile stresses and the

tensile strengths for the three types of concrete with and without creep

1
Concrete Column

1
35 MPa

1
90 MPa

1
120 MPa

1

Ge'. max' no creep 2.12 5.50 5.54

(with creep), MPa (1.87) (4.88) 15.01 )

f,(t). MPa 2.48 5.61 6.4

O'c1. max/f,(t}, 0.85 0.98 0.86

(with creep) (0.75) {0.87} (0.78)

164



•
x

o

•,

+-.----------,
i
1

YI
1._L----------I

1

_centre

---
ambient

,
/ ....

1 ....
/ ....

1 ....
1 ....

....
1 ....

l "
/':'0- ....

surface' ,

Time

•
Figure 6.1 - Schematic presentation of the development of stresses at the centre

and surface of a cross-section during early ages

165



• --!
;

member 1

depth 1

1

1--
+ + =

f c f =0c

strain components stresses

(al Uniform distribution of thermal and shrinkage strains

+ + =

f =0c

strain components stresses

(bl Unear distribution of thermal and shrinkage strains

+ + =

strain components stresses

•
(cl Non-linear distribution of thermal and shrinkage strains

Figure 6.2 -Illustration of strain and stress distributions in a member
without extemal restraint

166



•

•

•
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Figure 6.3 - Flow chart for the incremental stress analysis
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Chapter 7

Conclusions and Need for Future Research

ln this research program, the mechanical and thermal properties of normal (30

MPa), medium (70 MPa) and high-strength (100 MPa) concretes, subjected to different

curing conditions were investigated. New techniques and test setups were designed

and built to examine these properties at verv early ages. The behavioural aspects of

the key mechanical and thermal properties were modelled and were used to perform

thermal and stress analyses. The main conclusions drawn from this study are

summarised below:

7.1 Mechanical Properties

A large number of sampies were tested to examine the mechanical properties

of three different types of concretes subjected to three different curing conditions. It

was concluded that:

i. As expected, the temperature rise during hydration increases as the

cement content and compressive strength increases.

ii. The significant difference in the strength, elastic modulus and the shape

of compressive stress-strain responses at very early ages was studied

and compared with the values obtained after 24 hours for the normal,

medium and high-strength concretes.

Hi. The temperature-matched cured specimens (cylinders and flexural

beams) gave higher compressive strength and flexural strength than the

sealed cylinders, which in turn gave higher values than the air-dried

specimens, for a given mix.

iv. The medium and, in particular the high-strength, concretes exhibited
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retardation of hydration. which resulted in a time lag in reacl1ing the

peak temperatures. This effect is attributed to the high dosages of

superplasticizers in these mixes. The slopes of the temp'~ratllre rise

resp(lnses increase with increasing cement content and concrete

strength. After an initial retardation period. the higher strength

concretes (70 and 100 MPal showed a higher rate of strength and

modulus gain than the 30 MPa concrete.

After demolding. air-dried curing resulted in lower modulus of rupture

values than the specimens subjected to sealed curing. This was

particularly evident for the medium and high-strength concretes. which

are more sensitive to drying due to their very low water-cement ratios.

The ACI code expression for the modulus of rupture overestimates the

modulus of rupture for very early-age concrete and underestimates the

modulus of rupture for concrete compressive strengths above 15 MPa.

The expression recommended by ACI Committee 363 overestimates the

modulus of rupture for the concretes and curing conditions investigated

in this study. Expressions are proposed to predict the modulus of

rupture for temperature-matched. sealed and air-dried curing.

Expressions are also proposed to predict the compressive strength

development of hydrating concretes in terms of equivalent age. These

predicted compressive strengths are then used to predict the elastic

modulus and the tensile strength.

•

7.1 .1 Creep and Shrinkage

The early-age creep and shrinkage of normal, medium and high-strength

concrete was measured for both sealed and air-dried curing. The conclusions from

these experimental investigations are as follows:

i. The measured 28-day shrinkage and thermal strains of the specimens

subjected to sealed curing was about 33%, 43% and 62% of the

shrinkage of the air-dried specimens for the normal, medium and high­

strength concretes, respectively.

ii. The high-strength concrete exhibited greater shrinkage and thermal
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strains than the medium·strength concrete, which in turn showed greater

strains than the normal·strength concrete for both the sealed and air­

dried conditions.

The rate of total strain development of the normal-strength concrete,

subjected to sealed curing, stabilized more quickly than the medium and

high-strength concretes.

The specimens subjected to air-dried curing resulted in higher creep

strains than the sealed specimens. This difference is significantly higher

for concrete specimens subjected to loading at very early ages,

As expected, the creep strains decreased with an increase in the

concrete compressive strength at the time of loading,

The creep of high-strength concrete is much more sensitive to the age

of loading than the normal and medium-strength concrete investigated,

with very early-age loading resulting in significantly higher creep.

Tests were repeated in order to observe the reproducibility of the test

results, and very close agreement was observed.

•

7.2 Thermal Properties

Tests were conducted to measure the thermal properties of three types of

concretes. A new testing apparatus was developed to measure the heat of hydration

under temperature-matched curing. The conclusions are as follows:

i. The specifie heat of the normal, medium and high-strength mature

concretes was measured in both saturated and oven-dried conditions.

It was observed that the specifie heat increased with an increase in

temperature and moisture. The specifie heat decreased with an increase

in density of the concrete.

ii. The thermal conductivity of the maturing normal-strength concrete was

found to be about 33% higher than that of hardened concrete, whereas

there was only a 2 % difference in the thermal conductivity of the early­

age and the hardened high-strength concrete. It was also found that the

thermal conductivities of the hardened medium and high-strength

concretes were 36% and 50% higher, respectively, than that of the
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normal-strength concrete at a temperature of 25°C.

The test results on specimens of age 16 hours and greater indicated that

the coefficient of thermal expansion is not affected by the age of the

concrete.

7.3 Thermal Analyses

A finite element thermal analysis program was modified to properly account for

the thermal activation process during hydration as a function of maturity based on

Arrhenius' approach. Predicted temperatures were compared with the measured

temperature responses in different sizes and shapes of structural concrete elements

and very good agreement was found. Additional sub-routines were added to the

program to predict the rapidly changing compressive strength, elastic modulus and

tensile strength of each element during the hydration period. These changing

properties are needed for the subsequent thermal stress analysis. Additional

modifications were made to account for important aspects during construction, such

as addition or removal of formwork and insulation, by changing the boundary

conditions during the analysis.

7.4 Thermal Stress Analyses

Sub-routines were developed to enable incremental stress analysis in the time

domain and also to account for the rapidly changing material properties determined

from the material property sub-routine used in the thermal analysis. Subroutines were

also developed to included the creep of concrete in the incremental stress analyses.

The effect of different concrete strengths, early formwork removal anrt creep of

concrete on the risk of cracking were also investigated. It was concluded that the risk

of cracking is increased due to early form stripping, whereas creep of concrete reduces

the risk of cracking loaded at very early ages.

•
7.5

i.

Need for Future Research

The following areas should be considered for future research:

An experimental study is needed on the early-age behaviour of concrete
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containing additives such as fly ash and blast furnace slag.

Shrinkage plays a very important role in the surface cracking of :oncrete

members. Currently there is no rational way of determining the variation

of shrinkage strains through the thickness of members. as a function of

time. Innovative approaches need to be taken to account for this highly

complex phenomenon of shrinkage.

The presence of steel reinforcement on both the thermal and stress

analysis needs to be studied. In situations where thermal cracking

occurs. the influence of the amount and details of reinforcement on the

control of the cracking needs to investigated.
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Statement of Originality

The original contributions described in this thesis include:

The early-age thermal properties Iheat of hydration, conductivity,

specifie heat and coefficient of thermal expansionl and key mechanical

properties (compressive stress-strain responses, compressive strength,

elastic modulus, modulus of rupture, creep and shrinkagel of normal,

medium and high-strength concretes were investigated. These

investigations required the development of some specialised testing

setups and involved the study of the effect of three different curing

conditions. Such a systematic study of normal, medium and high­

strength concretes during the hydration period is not currently available

in the literature.

Expressions were proposed to predict the development of key properties

such as the compressive strength, elastic modulus, and the modulus of

rupture. The CEB-FIP Code expression was found to provide reasonable

estimates of creep at early ages.

An experimental study was carried out to investigate the effect of curing

and early-form stripping on the temperature and stress development in

different shapes and sizes of concrete elements during hydration and to

provide measurements for comparing temperature predictions.

Sub-routines were developed for a finite element thermal analysis

program to account for the effect of "maturity" during the hydration

period and to predict the rapidly changing compressive strength. elastic

modulus and tensile strength of each element during hydration.

Subroutines. for incremental thermal stress analyses in the time domain

were developed. These analyses. which account for the rapidly

changing material properties and creep of concrete, were used to predict

the risk of thermal cracking in structural elements during hydration.

Parametric analyses were carried out to determine the influence of

formwork type. time of formwork removal and strength of concrete and

creep on the development of thermal gradients and the risk of cracking.
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APPENDIX A

Compressive Strength and Elastic Modulus Test
Results of Normal (30 MPa). Medium (70 MPa) and High-Strength

(100 MPa) Concretes
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Ag. fc"lt) Ecltl
Idoys) IMPol IGPol

Sl

0.36 2.40 4.29

0.37 3.30 6.72

0.59 11.92 16.47

0.71 13.48 19.29

0.84 13.98 19.20

1.02 16.50 19.80

1.26 19.42 21.22

2.16 21.30 23.04

3 22.20 23.78

'1 23.34 24.04

Table A.1 - Compressive strength and elastic modulus test results for normal­
strength concrete due to temperature-matched curing

Ag. 'e'ltl E,ltl
ldoys) IMPo) IGPo)

S1

0.33 9.62 11.22

0.38 14.80 21.02

0.7 37.60 27.73

0.72 44.80 29.69

0.83 54.60 34.52

1.12 69.10 37.15

3 74.80 40.20

3 70.00 39.07

3 72.40 39.64

Table A.2 - Compressive strength and elastic modulus test results for medium­
strength concrete due to temperature-matched curing
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Ag. fc'Ill Ecltl
(d.ys) lM?) (G?)

51 52 Mean 51 52 Mean

0.59 18.75 18.75 11.72 11.72

0.63 24.60 - 24.60 19.70 - 19.70

0.74 51.40 51.40 30.10 - 30.10

0.76 62.80 . 62.80 33.63 33.63

0.92 79.30 . 79.30 36.85 . 36.85

1.01 91.00 91.4 91.20 37.92 39.21 38.56

1.75 104.7 - 104.7 41.37 - 41.37

4 111.5 109.1 110.3 42.14 43.03 42.58

7 107.3 109.3 108.3 . 42.69 42.69

Table A.3 - Compressive strength and elastic modulus test results for high-strength
concrete due to temperature-matched curing

Ag. fc"ltl E"ltl
(d.ys) (M?) (G?)

51 52 53 Mean 51 52 53 Mean

0.29 0.89 · · 0.89 2.94 · · 2.94

0.4 2.14 · · 2.14 5.17 · · 5.17

0.6 7.79 · · 7.79 13.68 · · 13.68

0.74 10.81 · · 10.81 16.15 · · 16.15

0.85 10.67 · · 10.67 16.14 · · 16.14

1 11.46 · · 11.46 17.24 · · 17.24

1.24 15.56 · · 15.56 19.60 · · 19.60

2.14 18.45 · · 18.45 . · · .
3 21.28 19.53 19.31 20.04 21.70 20.77 21.40 21.3

7 22.8 22.90 24.60 23.43 23.35 22.13 24.13 23.21

14 23.8 26.30 26.00 25.40 23.35 25.02 24.71 24.36

21 25.6 27.80 24.70 26.03 24.42 25.62 24.82 24.95

28 28.2 28.00 27.70 27.97 26.17 26.24 25.67 26.02

91 33.58 33.36 34.40 33.70 26.14 27.90 - 27.02

Table A.4 - Compressive strength and elastic modulus test results for normal­
strength concrete due to sealed curing
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Age fe'(l) Eclt)
(d,ys) (MP,) (GP,)

S1 S2 S3 Mean S1 S2 S3 Mtmo

0.29 0.53 · - 0.53 1.65 1.65

0.40 1.75 · - 1.75 5.00 5.00

0.44 2.73 · · 2.73 6.69 - 6.69

0.52 3.86 · · 3.86 9.86 - · 9.86

0.64 6.18 - - 6.18 11.93 · 11.93

0.83 8.65 · · 8.65 13.30 13.30

0.92 10.40 · · 10.40 14.84 · 14.84

1 10.54 · · 10.54 15.05 · - 15.05

2 17.70 14.82 · 16.26 19.55 16.85 · 18.20

3 16.80 17.10 16.30 1 16.74 18.25 19.18 17.31 18.25

7 18.60 19.30 19.06 18.90 19.27 18.64 19.65 19.19

14 21.80 21.90 · :1.80 20.45 20.02 · 20.23

21 21.70 21.50 22.10 21.80 20.26 19.57 20.95 20.26

29 21.70 22.7 22.10 22.20 19.55 20.18 20.07 19.93

91 23.69 24.17 23.48 23.78 18.87 20.62 18.92 19.47

385 26.60 23.78 25.47 25.30 . · · .

Table A.5 - Compressive strength and elastic modulus test results for normal­
strength concrete due ta air-dried curing
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Ag. ,;lt) E,ltl
ld.ys) (MPo) IG?)

Sl S2 S3 Mean S1 S2 S3 Mean

0.27 2.70 · · 2.70 2.93 - - 2.93

0.34 6.50 · · 6.50 11.14 · - 11.14

0.35 12.25 · - 12.25 14.05 · · 14.05

0.45 24.3 · · 24.30 22.99 · · 22.99

0.51 28.65 - · 28.65 25.33 - · 25.33

0.61 30.53 · · 30.53 25.60 · · 25.60

0.68 38.1 - · 38.10 29.81 · · 29.81

0.91 41.9 · - 41.90 31.67 · - 31.67

1.09 43.6 · · 43.60 . · · -

2 48.92 · · 48.92 34.76 · · 34.76

6 54.72 · · 54.72 33.03 · · 33.03

24 71.0 74.6 72.24 72.3 33.76 33.65 36.88 34.77

29 75.7 78.76 · 77.00 38.34 38.61 · 38.47

86 84.93 88.53 86.8 86.75 39.53 39.7 40.36 39.86

Table A.6 • Compressive strength and elastic modulus test results for medium­
strength concrete due ta sealed curing
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Ag. fe'(t) Ec(t)
(doysl lM?) IG?1

51 52 53 Mc;)n 51 52 53 MU'ln

0.37 1.36 1.36 1.47 1.47

0.47 7.40 . - 7.40 9.76 9.713

0.55 18.85 - · 18.85 19.94 · 19.94

0.6 26.15 - · 26.15 24.57 - 24.57

0.91 33.90 - · 33.90 28.78 · . 28.78

0.96 36.12 . · 36.12 27.14 · 27.14

4 51.87 51.66 52.72 52.08 30.82 30.90 32.28 31.33

7 53.19 56.78 55.79 55.20 33.45 30.78 30.21 31.48

14 61.26 57.84 · 59.50 31.31 29.44 - 30.38

21 64.97 63.68 64.03 64.20 31.57 30.29 30.97 30.95

28 64.73 64.62 66.67 65.40 31.44 31.49 32.63 31.85

91 69.2 65.9 66.8 67.30 29.6 29.5 29.98 29.69

Table A.7 • Compressive strength and elastic modulus test results for medium·
strength concrete due to air-dried curing
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Ag. fc"(t] Ec(t)
Id...) IMPo) IGPo)

S1 S2 S3 Mean S1 S2 S3 Mean

0.64 1.46 · 1.46 - - .
0.69 5.07 5.07 3.53 · 3.53

0.78 13.6 - - 13.60 - - · -
0.80 20.6 - - 20.60 19.56 - · 19.56

0.88 29.4 . · 29.40 22.38 · - 22.38

1.03 37.4 . · 37.40 25.92 · - 25.92

3 71.06 69.22 69.02 69.77 34.05 34.59 33.27 33.97

7 80.1 76.23 79.3 78.54 36.30 34.74 34.97 35.34

14 90.62 91.67 · 91.14 37.35 38.46 - 37.91

21 90.74 95.4 98.2 94.78 39.59 37.3 39.87 38.92

28 98.16 100.8 98.69 99.23 38.46 38.51 37.69 38.22

76 99.43 101.5 · 100.5 39.51 41.21 · 40.36

91 103.92 99.95 · 101.9 40.03 42.27 · 41.15

Table A.S - Compressive strength and elastic modulus test results for high-strength
concrete due to sealed curing
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Age fe'ltl Ecld
Id.ys) lM?) lG?)

S1 S2 S3 Mean S1 S2 S3 M~'lIl

0.73 8.85 · 8.85 8.27 8.27

0.75 16.59 · · 16.59 15.79 15.79

0.89 30.20 · · 30.20 21.58 . 21.58

1.04 48.70 · · 48.70 30.52 30.52

1.77 65.30 · 65.30 . .

3 74.10 74.06 · 74.08 33.98 35.16 · 34.57

7 80.7 81.3 82.05 81.35 34.53 35.46 34.55 34.84

14 87.83 85.34 81.85 85 33.5 35.62 34.58

21 92.77 94.24 94.03 93.7 36.18 35 36.95 36.04

28 97.29 95.47 94.38 95.7 39.17 36.41 37.02 37.53

78 99.07 96.07 · 97.57 36.17 37.14 · 36.65

104 97.26 98.96 · 98.11 36.98 37.24 · 37.11

Table A.9 - Compressive strength and elastic modulus test results for high-strength
concrete due to air-dried curing
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• Age fc'(t)

(daysl IMPn)

S1 S2 S3 Mean

0.25 0.14 0.14

0.30 0.36 0.36

0.54 9.05 - - 9.05

0.85 14.62 14.62

0.96 16.02 · 16.02

1.5 19.06 . · 19.06

2 19.74 19.56 · 19.65

3 20.57 24.19 22.0 22.26

Table A.1 0 - Compressive strength test results for normal-strength concrete due to
temperature-matched curing (batch 2)

gth concrete
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9
due to sealed curing (batch 2)

Age f;lt}
Idnys) IMPnl

S1 S2 S3 Mean

0.23 0.076 · · 0.076

0.28 0.2 · · 0.2

0.31 0.84 · · 0.84

0.42 2.41 · - 2.41

0.56 6.06 · · 6.06

0.83 10.25 · · 10.25

0.94 12.26 · · 12.26

1.5 15.98 · · 15.98

2.02 16.81 · - 16.81

3 19.9 21.8 19.48 20.40

7 24.33 24.72 23.38 24.15

14 25.24 25.92 25.46 25.54

21 26.03 29.98 26.43 27.48

28 29.75 29.2 27.49 28.81

91 33.0 33.81 32.90 33.24

ressive stren th test results for normal-strenTable A.11 - Comp
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Age fe'(t) Ecltl
ldeys) IMPe) IGPe)

S1 S2 S3 Mean Sl S2 S3 MO'1Il

0.812 14.59 14.59 14.07 14.07

0.934 27.9 27.9 24.66 24.66

0.976 33.18 . 33.18 25.04 25.04

1 34.25 34.25 27.09 27.09

1.79 60.94 64.75 . 62.84 33.30 32.68 32.99

2 65.9 64.4 65.15 31.90 33.22 32.56

3 70.22 71.08 72.19 71.16 31.78 33.79 33.32 32.96

7 81.68 80.75 80.84 81.09 34.50 35.07 34.82 34.79

15 90.37 90.65 89.61 90.21 35.06 35.33 35.19

21 93.37 94.51 95.08 94.32 36.86 36.97 36.56 36.79

28 98.03 94.91 97.08 96.67 35.86 36.94 36.40

Table A.12 - Compressive strength and elastic modulus test results for high·
strength concrete due to air-dried curing (batch 21
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APPENDIX B

Flexural Strength Test Results of Normal (30 MPa), Medium (70 MPa)
and High-Strength (100 MPa) Concretes
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I\l...
w

Ago " ltl. MPo
(doVI' Templletur•.match.d

curlng

51

0.76 1.47

0.81 1.87

0.88 2.03

0.96 2.61

1.08 2.63

2 3.38

3 4.07

6 4.70

7 4.76

14 4.48

Ago 1, 1Il. MPo
(dovil S..lld cu,lng

51 52 Mean

0.38 0.91 0.91

0.46 1.60 1.60

0.64 1.89 · 1.89

0.71 2.70 · 2.70

0.79 3.11 · 3.11

1.04 3.31 3.31

1.89 3.81 · 3.81

1.89 3.60 3.6

3 3.44 3.61 3.52

7 4.21 3.65 3.93

14 4.12 4.05 4.08

29 4.28 4.22 4.26

91 4.83 4.82 4.73

•
Ago " III. MPo

(doV') AIr·dried curing

51 52 53 Mean

0.36 0.39 0.39

0.40 0.66 066

0.54 1.46 1.46

0.61 1.79 1. 79

0.67 2.19 7.19

0.88 2.82 782

1 2.96 2.96

2 3.10 3.17 3.13

3 3.34 3.46 340

7 3.55 3.48 3.51

16 3.77 4.14 3.95

38 4.28 3.73 400

91 4.73 4.42 4.77 4.64

Table B.1 - Flexural strength test results for normal-strength concrete due ta different curing conditions
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N...
""

Age f, Itl. MPe
(dey.1 T.mperlture·mltch.d

curlng

51

0.38 0.53

0.44 1.01

0.48 2.41

0.52 2.67

0.56 3.38

0.81 3.21

0.87 4.21

0.98 4.97

1.11 5.11

2 5.89

Age f, Itl. MP.
(d.y.) S.lIed curlng

51 52 53 Mean

0.29 0.084 · · 0.084

0.39 0.55 · 0.55

0.43 0.97 · 0.97

0.46 1.42 · · 1.42

0.51 2.07 · · 2.07

0.54 2.29 · · 2.29

0.58 2.7 · · 2.70

0.92 4.16 · · 4.16

1.19 4.43 · · 4.43

7 5.19 4.56 · 4.90

14 5.24 4.91 · 5.07

21 5.13 5.29 · 5.21

28 5.7 5.54 5.93 5.72

91 6.43 · · 6.43

Age '. (II. MPe
(deyo' AII·dried cu,ing

SI 52 53 Mt'dll

0.44 1.04 1.04

0.50 1.78 1.1B

0.55 2.44 2.44

0.60 2.94 2.94

0.62 3.26 3.26

0.84 3.74 3.14

0.91 3.69 3B9

1 4.00 4.00

2.07 4.09 409

3 4.2 4.20

7 4.05 4.69 4.43 4.39

15 4.92 4.73 402

2B 5.94 5.B7 5.90

91 6.62 6.14 6.42 6.39

Table B.2 - Flexural 5trength te5t re5ult5 for medium-5trength concrete due to different curing conditions
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Age 1, Il). MPe
(dIY') T.mpt'Itur.·mltchld

.uring

51

0.67 2.66

0.73 3.76

0.60 6.66

0.94 7.36

1.03 6.08

1.77 9.83

2.02 10.8

3 11.8

Age 1, ltI. MPe
(d.y.) Seol.d .uring

51 52 53 Mean

0.88 0.79 · · 0.79

0.73 2.6 · · 2.60

0.78 4.00 · · 4.00

0.88 4.76 · · 4.76

1.08 6.18 · · 6.18

1.07 6.80 · · 6.80

1.77 6.60 6.99 · 6.80

3 7.24 7.76 7.63 7.64

7 7.19 7.69 1.04 7.37

21 8.24 8.45 6.61 6.43

Age ',II). MP,
(deye) AIr·d,illd curing

SI 52 S3 Mean

0.11 0.72 0.72

0.76 1.54 1.54

0.79 2.39 2.39

0.66 4.20 4.20

1 5.60 5.50

1 6.37 5.73 5.02 !J.71

10 6.04 6.04

14 6.20 6.77 6,49

21 6.90 7,47 7.45 7.94

26 7.97 8.07 6.10 8.05

36 8.26 8.26

118 8.58 8.58

Table B.3 • Flexurel 5trength test re5ults for high'5trength concrete due to different curing conditions




