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THE EFFECTS OF MOISTURE ON THE THERMAL PROPERTIES
OF COHCRETE BETWEEH -30°C AND 0°C

by Kamarudin bin Hohd Yusof

Samples of saturated moist-curedmicro-concrete and past with
w/c ratios between 0.30 and 0.70 have been invest-
igated and compared with samples of dry and rewetted
paste between -80°C and 0°C. The freezable water in
these pastes has been measured from the enthalpy
difference between moist-cured and dry samples, and
is significantly less than evaporable water content.
The MMR spectra of these pastes have been studied at
temperatures down to -80°C and suggest that the eva-
porable water is adsorbed and not free.

Thermal strains of samples with different degrees
of saturation between 0°C and -80°C have been measured
and the effect of rewetted water also investigated.
It is concluded that the physicaily adsorhed water
which causes a large thermal strain in concrete paste
comprises 75% of the total evaporable water. The
permanent expansion of concrete paste during a thermal
cycle only occurred in a rewetted, resoaked, fully

moist-cured concrete paste.
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GLOSSARY OF WORDS

ABESORBED WATER - Water that goes into the paste during

resaxking or rewetting. Some at least ie adeorbed(see Fig.

ADSORBED WATER - Water which ie being held by the
surface forcee in the internal structure of the paste.
CAPILLARY PORE - Part of the cement paste which has not
been filled by the products of the cement hydraticon or
the residual woide after the paste matured.

CAPILLARY WATER - MWater cccupyving the capillary porea;
COEFFICIENT OF DILATION - The change of dilation per
degree celcius.,

DEGREE OF SATURATION - A ratic of the weight of
frzezable water to the weight of water and air that
cccupying the pores of the saturated paste.

DILATION FACTOR - The deviation of the thermal strain
curve Ffrom the contraction line of concrete paste

between z6°C and @°C.

GEL - The product of cement hydration is a hardened
paste censisting of hydrates of calcium <silicate
hydrate and small quantities of other substances,

These solid compounds are collectively described as the
gel.

GEL PORE - The interstitial <epaces between the gel

6.1)
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particles,

GEL MWATER - Mater accupying the gel pores.

HYDRATION - The reaction procese between cement compound
and water,

LNG - Liquid MNatural Gas.

MOISTURE - Water and water sclution.

MOIST-CURED CONCRETE - Concrete " - which has been
Kept in water at 28°C to 24°C for at least 28 days.

NMR - Nuclear Magnetic Rescnance.

PASTE - Comprices all the zolid parts such as cement

gel and all types of water present.

RESUAKING : -~ Water that goes into moist-cured paste
which has been dried in a dry chamber.

REWETTING - Mater that goes into a paste which has
been dried to constant weight at 100°C.

SATURATED PASTE - Paste which cannot absorb  any - more

water and which has been Kept in water.



CHAPTER ONE

INTRODUCTION

1.1 GEMNERAL

Concrete is well Known as a constructional
material., It possesses a wide range of properties which
can be wvaried to meet » wide range of applications.

In the fifties and sixties, research on
concrete at law temperaturesz was centred on the effect
of frost action and the durability of the frozen paste

under temperature cyclin in cold climatic regions.

fa]

Powers{ 1) , who has contributed a great deal of work in
thie Ffield, reported that under some circumstances,
concrete doee not suffer Ffrom Frost ‘damage . In
particular, specimene with entrained air show more
reliable recsistance to frozt damage.

Present day concrete technology is not only
extended to structures influenced by cold weather but it
iz being used in the crycgenic industry, e.g. in LNG
tanke. In many cryogenic tanks, prestrecssed concrete is

used as a secondary wall. The main regcson is that
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concrete has a high compressive strength at
low temperature which may be 2880-2808X greater than the
strength at normal temperatures(2). This increase in
strength may be even greater when the concrete paste is
made with a higher water—-cement ratio.

After the disaster at Clewveland, Ohic in
1744, due to & failure of a steel LMNG tank, people began
to think of the =afety requiremente for the storage of
LNG. Leooking at the praomising performance chown by
concrete, this material has now been used as a structure
for the secondary containmment of cold liquids.

Since safety comes firet,designers of
concrete cryogenic tanks need to consider and study the
problems governing the properties of concrete at lTow
temperatures. The properties =such as wvapour and liquid
tightness, permeability and straine after several
thermal cycles should ke understood clearly.

Designe <hould not be bzazsed sclely on the
limited data reported by researchere in the last decades
because the present usage of concrete includes exposure
to sewvere thermal cycles with large temperature
gradientse. For instance , during the sixties, Hansen(
had reported that cnly 134 of hie specimens which had

been exposed to cold weather and frost for 28 yearz, had



damaged. Meanwhile, Jackson(4) , who exposed his
specimens to froet action in the laboratory under fast
cooling conditions found them all  damaged after only
several cycles,

Although increasing the water content, will
increase the compressive strenqth and reduce porosity of
concrete paste, the water content in the paste produces
dicsadvantagecus effects on other properties. Therefore
it is wise to etudy the role of the water in great
detail,as many people have reported(3,4,?) that the main
controlling parameter in the concrete paste seeme to be
the water in all its warious +forme in the cement
structure.

The range of temperature covered in this
study is @° to -8B °C which is the range in which ice
nucleation is taking piace. Particular propertiess which
have been studied include dilation, enthalpy-
temperature wariation, and nuclear magnetic rescnance
studies on concrete of different water contents and

aggregate.
1.2 PAST EXPERIENCES ONM FROST ACTIOM

Previous publications(1,3,4,8,%,18) have



shown that water in concrete paste plays a significant
rale in damaging the paste at low temperatures. The
freezing of water or moisture in the paste and the
agrowth of ice bodies as the temperature ic lowered, are
the poassible cause of the internal damage. Newille(il)
has given two factors which cauee dilation of the paste

with reducing tempserature.

The +Ffirst is the freezin of water in

a]

capillary poree which forces the exceses wolume of water
tc be expelled from the frozen parte. The resistance to
such Fflow of water generates an internal pressure,
Powerst 18) reported that the internal strese produced by
the hydraulic pressure appears at the same incstant as
the freezing begins.

The second factor is the diffusion of gel
water into the capillary pores. Powers(18) said that as
the gel water diffusee out, the paste tends to shrink,
but the growth of ice crystals in the capillaries make
the overall result & wolume increase. Therefore, he said
the dilation may not be apparent at the beginning of
freezing; it also does not stop when the cooling ceacecs.

Powers( 18> in discussing the mechaniesm of
dilation also mentioned a third factor which caused

dilation. The freezing of water in capillaries disturbs



the thermodynamic equilibrium of the sclutions in the
gel pores and the capillaries. The more concentrated
solution tends to diffuse to the less concentrated. As
the movement of water ies opposed, an ocsmotic pressure is
produced which can alsoc contribute to the dilation.

Ditation in aggregates ar rocks  is
different from that of concrete because of the
differences in their internal structure. The pores in
rocks are few and large(18) compared tao concrete paste
in which they are small and well distributed 1in the
whole paste. Rocks consist of crystals; so the pores
which are accesible to water are limited to the spaces
between the crystals. This water will freeze immediately
once the freezing starts. In rare occasions{12), water
in rocks can cause crystal growth after the initial
freezing. The water may be taken from cutside sources.
In the caze of agaregates in concrete paste, water can
be obtained from the surrounding cement paste.

Powerst 18) repoarted that under long cold
spells, ice bodies in aggregate pores could grow, as
unfrozen water from the concrete paste diffused into
them. If the paste can obtain water from outside
sources, then dilation might be produced; in practice

the required combination of circumstances is rare.



Therefore, aqgregate is wvery unlikely to be damaged by
the hydraulic pressure mechanism.

Apart from the abowve, the <size of the
specimen and the degree of saturation of the concrete
paste alzo effect the dilation(18). If & body is finite,
the excessive water wolume produced by freezing may
cause water to escape from the body and there will be
leee dilation. However, thise mechanism depends on the
continuity of the capillaries. It has been reported (13
that for a particular type of cement, there is a maximum
water-cement ratio, 8.7, above which complete hydration
does not produce encugh gel  to block all the capillary
pores. For cement, with & specific <surface area 1860
square cmsgm or greater, the limiting water—cement ratico
was about 6.7. A finer cement had a limiting walue
higher than 8.7.

In lesse saturated <cpecimens, large pores
tend to be empty and the smaller pores may be only half
full of water. MWhen freezing takes place, the empty
pores can accomodate the excess volume aof water flowing
away from the frozen parte. So, the paste experiences
less hydraulic pressure, MWith this idea, the role of
empty porese can be wutilized in reducing the effect

caused by the hydraulic pressure mechaniem, as has been



discussed by Powerci4>. In normal concrete specimens,
the empty pores are not well distributed throughout the
whaole paste and with prolonged contact with water
source, they can eventually bkecome filled. With an air
entraining  agent, discrete artificial pores(l1) which
are empty and very difficult to fill with water(14) can
be distributed evenly throughout the paste. These empty
cavities can provide spaces to contain ice and displaced
solution during freezing. It has been reported(14) that,
paste with entrained air shows no development of osmotic
pressure and hydraulic pressure because the frozen water
from the aqel diffused into the unfilled cavities
unopposed., On cocling down a normal concrete specimen
and a specimen with entrained air to -25°C, the latter
specimen showed less diltation.

Qn the chemistry <side, it has been
reported(14) that xt a given concentration of alkali,
the melting point of ice waries Ffrom one point to
another according to the size of the pores in which the
moisture is being held. Az the tempersture goes down,
the melting point of ice in the presence af alkali also
becomes correspondingly reauced. Thise is because as the
water freezes, the remaining sclution become more

concentrated, thus depressing the freezing point of ice.
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However, Helmuth(13) has ancother way of looking at the
depression of the freezing point of ice in the cdncrete
paste. He reported that the spaces between the cement
gel are too small to accomodate the ice crystals. This
restriction on the propagation of ice, made the sclution
remain unfrozen at its melting point. Table 1.1 shows
the calculated relationship between the size of ice
crystal at particular melting peoints and the size of
capillary pore at which it is ahle to contain the

crystal.,

Table {.1: After Helmuth (13

The Melting points cryetal size capillary size

°c  °F A | A
- 28.4 180 288
-& 21,2 58 -
~18 14,8 24 59
-15 5.0 24 44
-28 -4.8 19 a5

Thie water will anly freeze when the temperature drops

ta a wery low one at which spontaneous freezing will



take place. However, in the smallest pores, like gel
pores, freezing 1is wunlikely to take place because the
space is too small for the formation of ice nuclei. It
has been reported that(ily, even at -78°, the water in
gel pores does not freeze. Thus the water muset diffuse
to larger porees to freeze.

s we have seen above, dilation of the
concrete paste depends on the state of water and how it
flows and on the distribution of pores in the paste. In
understanding the behaviour of water in the paste, it is
incomplete if the state of water 1is not clacssified
because water in a porous medium such as concrete paste

may be present in several physical states.

1.3 CLASSIFICATION OF WATER IN CONCRETE PASTE

Verbeck et x1014) has arbitrarily
classified the water in concrete paste into (D
evaporable and (2 non-evaporabile water. MWater which

cannot be removed under a standard dryving condition,
i.e. at the boiling peoint of water, is classified ac
non—evaporable while the weight lose of the specimen on
heating to constant weight at <standard condition

corresponde to the evaporable water.
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Powere and Brownyard(17), classified the
water 1in concrete paste as gel water and capillary
water. The classification is based upon the concept that
cement gel has a certain minimum porosity, in which the
gel water is arbitrari]y defined a= the water contents
of a saturated, well hydrated, low water—-cement ratio
pastes. In other words a low w/c ratic of a saturated
and well hydrated cement paste should contain only gel
water. In such paste, it has been reported thatc1d) the
cement hydration virtually ceases before all the cement
i hydrated and it has been assumed that the paste
contains only gel water., Capillary water is then defined
as the difference hetween the total evaporable water and
ite gel water content.

Verbteck et a2l alsza said, water in capillary
pores can easily be varied while gel water cannot be
varied. Copeland(1%?) in his paper on the specific volume
of evaporable water has reported that water in capillary
pores is similar to normal water or free water.

The state of water in concrete paste has
been studied further by Seligmann(28) by using a NMR
»(nuclear magnetic rescnance) technique. He reported that
the adsorbed water in cement paste is similar to the

interlayer water in clay or zeolitic water. Apart from
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free water, he divided the physically adsorbed water
into two categories. One ies the adsorbed water which is
easily evaporated, similar to water in many adsorbents
and the other is the water which is more tightly bound
as the interlaver water in clav.

Verbeck et al{1é) also reported that much
of the evaporable water in concrete paste seems to be
part of the solid structure, a conclusion which he based
upon observing the decreaze of elastic moduli on drying
the concrete zpecimens.

Thue, it seems that the water in concrete
paste can be divided into several categories dependent
on the enerqgy of binding of the water. These cateqories

are given in the following table:

a., Free water.

b. Capillary water which iz wvery loosely bound.,

c. Adsorbed water. This class of water has several
degrees of binding with binding enerqgies comparable
to the ltatent heat of freezing, 1i.2. in the range
188 to 1888 KJ Kg.

d. Chemically bhound water such &as water in calcium

hydroxide with bkinding energiee of 13,488 KJ g,



12

1.4 THE USE OF COMCRETE AT LOW TEMPERATURE

Concrete technology has now entered a new
era. The material hats now been used for secondary walls
or containment walls in many large cryogenic tanks(2)
where they are exposed to large temperature gradients
and to severe thermal cycles.

The concrete containment wall, is wused to
contain the cryogenic liquid in the event of failure of
the primary steel wall., Evaporation of the liquid would
then preogress in a more or less controlled manner and
there might be encugh time to pump the liquid into other
storage. Besides the internal hydraulic load, external
loads such as impact locads and those induced by fire
have ta be considered(Z1).

In future, there may be the possibility of
using concrete as a primary wall or as a single
containment conrete tank because the necessary low
permeability and 1ligquid tightness caencrete iz not

impossible to achieve.
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1.5 MACROSCOFIC PROPERTIES OF COMCRETE

In design, traditionally compressive
strength, elastic modulus and thermal contraction are
taken into consideration. Browne and Bamforth{&) have
made a review of these properties and also of the
progperties of prestressed concrete at cryogenic
temperatures. The compressive strength shows an increase
with reducing temperature, which is greater for test
camples with higher water content. In their paper, they
concluded that the most important factor is the moiszture
content of the concrete, and that other parameters
should be considered as of secondary importance.

In other conclusions{22), it has been
reported that many properties of concrete experience
major changes at low temperature because of the
influence of moisture content. The changes cccur at a
rate which is governed Ey the pore structure. Rostasy
and MWiedemann(23) repcorted that the strain increased to
a maximum on cocling between -200C and -58 °C in
saturated samples, Between thecse temperatures most of
water nucleation of supercocled water takes place(Z4).
As the temperature decreases further, the strain

diminishes and the <specimens contract. They have also
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reported(23) that the peak of the sirain increases as
the relative humidity increases while in dry specimens
there was no expansion at all. On rewarming to room
temperature, the specimens had been expanded
permanently. This permanent expansion iz larger for the
paste with larger water-cement ratic, as shown in figure
1.1.

Flanas et &1{25) reported that for concrete
paste which shows thermal strain on cacling with tiguid
nitrogen vapour and has shown a hystericsis on rewarming,
the strain decreaszes almost linearly under a compressive
strese. On a'breetregsed"concrete zample they a1§0 found
that a similar characteristic happened. The strain
curves are shown in figure 1.2. However, in their
experiments the strain, which was measured, was parallel
to applied stress. No lateral dilation of the samples
was measured. Therefore, this must does not necessarily
mean that the compressed or loaded concrete paste does
not experience thermal strain on cocling.

On permeability properties, Hanaor and
Sullivan{24) recently have obtained a paste with a
permeability coefficient as low as led_lg sg.metres.
They have said that by using lightweight and round shape

aggregates,there mavbe the possibility of achieving a
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290

coefficient of permeability at around 1@ eq.metres
which is suitable for usee in cryogenic storages.
They also published micro photographs af concrete

pacste with irregularly <shaped aggregates; on cooling,
this paste had suffered micracracks around the
aggregate particles, Thus cracke might be expected to
increase the permeability of the paste.

It has beenlreported(za) that to achieve a
cancrete <etructure which is impermeable to LNG, a
concrete of one metre thicknese with coefficient of
permeability at around 3%x1872° zq.metres cshould be used.
Baced on their c¢alculations, this structure can prevent
completely a 25 metres head of LNG from penetrating into
the concrete paste over a period of 28 years., They
claimed that a permeability which was less than 2x1a7%
sq.metres had been achieved by using an air entrained
lightweight aggregate concrete paste.

Lastly, on the state of water in concrete
paste, it has been reported(2?) that only scome o# the
physically adsorbed water freezes over the whole range
between 08°C and -48 °C.They alsc menticned that in
concrete paste there is & rewetting water most of which
freezes over a narrow temperature range just below @

degree celcius.
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~ CHAPTER TWO
THE FREEZING OF WATER
2.1 GENERAL

We hawve discussed how the effects of
moisture on the properties of concrete paste at low
temperatures is assocciated with the freezing of water.
Let us now look at csome of the important physical
properties of water in relation to the freezing of
water.,

Bulk water in its purest state freezes at @
°C at one atmosphere pressure. Howewver, in small
quantities it may freeze between 8°C and -88°C and form
ice crystals which are called hexagonal ice. Cubic
ice crystals are only formed when water freeszes on a
substrate at temperatures between -28 °c and -138°C,
whilet Jlower than -138°C water freezes into witreous
ice. Thus, in the scope of this study only hexagonal
icé crysetals are produced. Another eight forms of ice
cryetal (29> can alsoc be produced at wvery high pressure,
which is unlikely to happen in the concrete paste.

When water freezes, itse density decreases
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from @8.9998 gm/c.c. to B.917 gmsc.c. and vthere ie a
volume increase of 8.3%. However, it hae been
’réported(45) that the density of ice increases to 8.927
gm/c.c. when it is cooled down to -ea°C,

The coefficient of linear expansion and of
cubical expansion of ice decrease when the temperature
iz lowered. Figure 2.1 <chows the cocefficient of cubical
expansion of ice between -18 °C and -148°C. The data was
taken from Powell(38), Dantl(31> and Eiszenberg and
Kauzmann(32) .

The compressibility of ice, which ie
defined as the fracticonal change in its volume per unit
change in applied hydrostatic pressure, either at
constant temperature (iscthermal compressibility) or
adiabatically, decreases as temperature decreases. From
Hobbs{2%), data for the adiabatic compressibility (xj )
decreases by 8.84 when the temperature ie lowered from
} —13°C to -93°C. Dantl has deduced an expression for the
édiabatic compressibility according to the following

equation and is shown in figure 2.2.
k= 11.94(1+1.653x107 "t _+3.12x107 t2)15% (2.1

where the unit is in 167 ° baf ‘*and t, is the temperature.
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With reference to the thermal conductivity
of ice, it has been reported(34) that on decreasing the
temperature +rom -28°C to -88°C, the coefficient of
thermal conductivity increases by 1 Wmtdeg:! The
variation of the coefficient of thermal conductivity
with temperature was represented empirically later by

Hobbs(2%) as in the following equation,
A= 2.1725-3.403x107 "t _+9.085x107 "t2 (2.2

where the unit of X is in Nm.~1deg.71 and tC ie the
temperature in degree celcius. This formula only applies
te the wvalue of within the temperature range between
a’c and -165 °C, The plot of the formula ie shown in
figure 2.3.

Water, when changing phase into ice gives
out & latent heat which is defined as the change of
enthalpy when unit mass of ice is converted isothermally
“and reversibly inte liquid water. The best value of the
latent heat has been measured by Rossini et a1(35, and
is equal to 333.5 KJ per Kg of ice at @°C Hobbs(2Z®
states that the latent heat of fusion of ice decreacses
by 29.484 when the temperature is lowered down to -22°C.

Lastly, we look at the specific heat
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capacities of ice, i.e. c, and €p which is the specific
heat at constant volume and constant pressure
respectively. These specific heat capacities are related

to each other by the thermodynamic relation below.
(2
cp-cv-(y VT)/KT (2.3

where V is the specific volume of the solid ice,KT and v
are the isothermal compressibility and the coefficient
of cubicxl expansion of ice réspective]y, and T is the
absolute temperature. The derivation';+ equation 2;3;15
in appendix D.

Measurements of the heat capacity of
hexagonal ice at constant pressure over the temperature
range 15°% to 273 °K have been made by Giauque and
Stout{71> and are <chown in figure Z.4. At the melting
point of ice the specific heat iz about 37.5J mol” ‘deg.?

and decreases with decreasing temperature.



30

w
1

" Heat capacity at constant pressure (J mol-! deg™y.

I ] 1
0 50 100 150 200 250
Temperature (K)

Fiqure 2.4: Heat capacity of ice at constant pressure
(Cp)«;as a function of temperature, (Ref.71)
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2.2 THE NUCLEATION OF ICE

2.2.1 HOMOGENOUS NUCLEATION

Homogenous nucleation of ice ie the
nucleation without foreign influence on the formation of
ice crystale. Therefore, the nucleation is only possible
in deeply supercocled pure water.,

One ot the earliest cbservations of the
nucleation was made by Rumpf and Geigl{(32&4) on water
droplets of radius 2 to 2 pymetre, which <solidified at
-35 °C. Later, Cwilonag(2?Yand Mossop(38), working with
better equipment, observed that the nucleation of ice
occurred at —-48°C for a droplet size of one pymetre. Then
Pound et al(3%), based on their own obeservations, reported
that supercooled pure water droplete may freeze between
-38°C and -4z °C. We therefore conclude that homogenous
nucleation of ice may happen between -35°C and -42°C.

The theory of homogencuse nucleation by
Fletcher (247 wae based on & model of "flickering
clusters(4@8) assuming that the cluster consists of two
groupe of molecules, those belonging to hydrogen bonded
molecules and those which are unbonded. MNemethy et

al{48) calculated the number of the molecules and found
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that 384 are bonded and 244 are unbonded, while the
rest are- in a mixed state. However, they <said the
number of these molecules is Fluctuating because in
-supercooled water, the process of formation and
disintegration of the bonded molecul es occurs
continously. Thie group of molecules ies the initial
group or the embryo of ice nucleation. Mucleation may
only takKe place when the size of the embryo increases
beyond & certain critical radius.,

From Turnbull and Fisher(41) the nucleation

rate of ice embryos which can grow spontanecusly

J
LS
into ice crystale, per unit volume of supercoocled water

in a unit time, is given in equaticn (2.4).
= - - (2.4)
I s (nLkT)/h exp(~Ag/kT) exp( AGB/kT) {

The derivation of the equation is in appendix A. From

appendix A, the total free energy AGLS of the syestem

can be written as the esquation 2.5.

2/3

AG, «=A1l ~-Bi (2.5

LS

where 1 is the number of molecules, A& and B are

quantities which are dependent on the surface free



energy of the ice-water interface and the bulk %ree
energy difference between supercooled water and ice
respectively. Figure 2.5 <chows the variation of the
total free energy of <supercocled water‘with the number
of molecules i in an ice embryo. The total free
energy AG g required to form ice embryos increaszes
csharply as 1 increases but a%terAGLsreaches a critical
value when the embryos contain iBmaleculea, the energy
decreases indefinitely. Therefore, for the walue of i
smaller than ip , the bonded molecules in the clusters
are unstable and tend to disappear. But when the number
of molecules in the clusters are enough to give the
total free energy equal to AGB, the clusters quickly
develop and form ice crystale.

Theoretical calculations of the
nucleation temperature from the above theory have been
made by many people(24,27>. By assuming the cluster
shape as spherical they found the nucleation
temperature for droplets of & few ymetre in radius must

a1l within the range -26°C and -Se°C.
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Flgure 2.5: Change in the free energy AGLSof
‘fsupercooled liquid water due to the formation
of an ice embryo containing i molecules.(ref.29)
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(reference 29)



2.2.2 HETEROGENOUS NUCLEATION

The theory of heterogenous nucleation on
foreign nuclei, such as dust particles, can be developed
in a similar way to that of homogenous nucleation except
that the free energy barrier AGé in heterogenous

‘nucleation takes the form as in equation 2.4.

AG)

5 = AGBf(n,x) . (2.8

where AGg is the total free energy of the homogencus
nucleation. fi{n,x> ie & function which depende on the
detaile of the geometry of the ice cluster and the
foreign particles <csuspended in the supercooled water. x
iz the dimension of the particle andn ic a ratioc of

surface free energies as given by equation 2.7.

_ Yparticle/water — particle/ice

9ice/water ‘2.7
Figure 2.6 shows the variation of the function ¢,
with and the geometry factor. The Ffactor F(n,x) is

aiven algebraically by Fletcher{S%5 in equation 2.8.

. _ l-nxy3_ 3., 3(x=n) (x-n,3 .
1“(n,x)-1+(—g ) +x (2 3 F 5 )7) (2.8

x-
+ 3nx2 (=2 -
n 3 )



o= -

where g = (1+x2-2nx2?)

¥ ie the ratioc of the particle radius {(assumed to be
a spherel to.the critical size of the 1ice embryo at
which the total free energy is equal to [xGB.

The wvalue of equation 2.8 is alwaye less
than unity and may approach zero. Therefore, the total
B’ thue,

heterogenous nucleation ie much more 1likKely to happen

energy barrier AGé is less than AG

than homogenous nucleation, in the presence of

nucleating particles,
2.,2.32 EFFECT OF COOLING RATE

Figure 2.7 which is from WVali and
Stansbury (42) ,shaws the distribution of frozen droplets
of distilled water plotted against tempefature for two
different rates of cooling, i.e. at 6.5 degree celcius
per minute and 2.8 degree celcius per minute. The
slopes of both graphse are closely the came which
indicates that the distribution of freezing temperature
has no effect on the rate of cooling.

Howewver, when taKing the mean temperature
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of freezing of groupe of the droplets,they found that an
increase in the rate of cocling by tenfold will depress
the freezing point of the supercooled water by B.45°C.
ﬁﬁgure 2.8, line A
and line B
show ~ that the cooling rate has some effect on the
freezing temperature of the system.

Carte(d43) alesc reported that when‘the rate
of cooling was increased from 29C per minute to 26°C per
minute, the freezing pointe of 3 different <cizes of
dropletse were deprescsed by g.s°C.

Thus,while the cooling rate has some effect
on  the freezing point of water, the depression of
the temperature is wvery semall and negligible, at the

cooling rates applicable to  the concrete camples.

2.2.4 EFFECT OF DROPLET SIZE

Figure 2.9 and 2.18 <chow the <freezing
temperature of droplets against the droplet diameters
for homogencus and heterogenous nucleation of ice
respectively. Dropletse with emaller diameter freeze at
lower temperatures in both types of the nucleation.

Loocking at figure 2.18, data from Biggs
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Flgure 2.9: Temperature for-95% probablllty of
nucleation at a cooling rate of 0.5°C/min. plotted
against the diameter of éphere having same volume as
sample.® Carte(1956), 0 Mossop(1955), A Bigg(1953),
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shows nucleation temperatures of the droplets are much
lawer than the athere. Thie 1ie because in Biggs
experiments, the droplets were protected from airborne
contaminants, leading to either heterogenous nucleation
at the higher temperatures, or homogenous nucleation at
the Jlower temperatures. Hobbs(29), has reported that
these data agreed with the relation shown in equation

2.9,
In(l/V) = aTS + b (2.9

where V is the wvolume of the droplet, TS ie the
supercooling required +for S84 freezing and a is equal
to i/To where’ﬂscan be ftound in equations 18.18, 1@8.26
and 18.24 which characterizes the nucleating ability of
the ice nuclei. b is a constant related to the constant
term of equations 18.28 or 16.24 in appendix B.

It has been reported that(2?) in Biggs”
data {(figure 2.18) for droplet diameters smaller than 36
um, the nucleation temperature which he had measured
WaE in fact that for homogenous nucleation. The
nucleation temperature for these size of diameters was
' between -35°Cand -48°C. Therefore, for droplet diameters

aof less than 38 um, and under <cuitable Ffreezing
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conditions, it appears that the nucleation of ice can
anly happen through homogenous nucleation when the
temperature will lie between -35°C and -48°C.

It would appear that water in droplet form
will always freeze above -48°C. Whether this conclusion
can be applied to water in concrete is not clear; if

no, it would contradict the predictions of Helmuth(15).
2.2.5 EFFECT OF THE MNATURE OF THE SURFACE

Carted43) has reported cbeervations on
hundreds of water dropletse on six different surfaces
which froze at different temperatures. He thereby showed
that the freezing temperature of superccoocled water is
dependent on the nature of the surface.

He aleo found thzt water droplets on metal
surfaces freeze at a higher temperature than on & non-
metal surface. In addition, water droplete on a polished
gurface Freeze at a lower temperature tham on  an
unpolished one. Thus, the roughnese of the <surface
also contributes to the distribution of the freezing
temperature. However, the lowest freezing temperature
attained by come of the droplets wae independent of the

nature of the <eurface. In Carte’e experiment, the
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freezing attainable by the

it is believed that it

was
nucleation.

of ice to nucleate on saome

investigated Mason and

by

substances of naturally-occcuring

found that 19 substances, which

the clay and mica groups, are

-18 °C. alsoc found that

They

substances, once having been

formation, become more

i.e. they can be pre-activated.

an important constituent

even at -25°C, but once

can become ice nuclel
temperature of about -18°C.

of copper sulphate particles to

form ice nuclei is wery low. Hobbhs(2%) reported that
ice can anly be produced when the temperature of the
droplets was lowered to at least -28°C.

Generally the substances which are
effective ice nuclei have similar charactericstics to the
crystal structure of ice. Fukutad4?), based on hic own
experimental results, concluded that there is no water



soluble salts which Fform effective ice nuclei . at
tempeﬁatures above —-119C except the crystals with close

similarities to ice such as silver iadide.
2.2.4 HEAT BALANCE IN THE FREEZING OF WATER DROP

When a supercooled water drop which is in
equilibrium with its environment, ie nucleated, a
fraction dm of the mass of the drop freezes and a latent

heat L]c is releaszsed. The heat raicses the temperature of

the whole drop by AT. I+ the original supercooled

temperature is Ts and C ie the specific heat of the

liquid, then,

dm _ ATe, _ (T-To)ey, (2.18)
m Lf L]e

In the +Ffirst stage of freezing, the drop
freezes at the surface. The latent heat evolved is taken
up by the unfrozen part of the water and raises its
temperature to the freezing temperatuﬁe. The unfrozen
part of the water drop cannot freeze further until the
energy is released to the environment.

During this second <stage of the freezing,

the frozen part which enclosed the unfrozen water, moves



w
w

inwards. As the freezing continues, a form like a sﬁell
thickene and a pressure builds up in the drop causing
the  shell to change shape, crack and eject unfrozen
water.

The speed and the manner, in which the ice
shell moves inwards are determined by the rate at
which heat exchange takes place with the environment.
The heat released by the frozen water is taken up by the
environment by two processes, (1>: the thermal transfer
process which includes conduction, convection and
radiation and (2): the sublimation process.

The =sublimation process is defined as &
reversible change of ice into water wapour at constant
temperature, and releases a latent heat of sublimation
Ls' The heat loss throuéh the drop in temperature of
the water compared with the heat loss by these two
processes is negligible(29). Therefore, we can write
the heat balance of the freezing as in the following:

L dmi = +
fdTt T 9y Y 9y (Z.11)

where a, is the rate of heat ltoss by the thermal process
and qm ie the rate of heat loss through the sublimation

process or mass transfer. For a spherical drop the
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values of qh and q are given in equatione 2.12 and 2.13

respectively.

qp = ZHrAe(Td-Te)Nu » 12.12
g = 27rl —E-D(p - p_)Sh (2,13
m sP-e d e et
where,

Ae= the thermal conductivity of the environment,
T ,= the surface temperature of the drop.
T .= the environment temperature.

Nu= the Nusselt number.

P = the total pressure.
e = the partial pressure of the water wvapour.
D = the diffusion coefficient of water wapour in the

environment.
Py~ the density of water vapour at the surface.
p = the density of water wvapour in the environment.
Sh= the Sherwcod number {analoques to Nu for the mass
| transfery .

r = the radius of the drop.

The freezing of water on a substrate was



448

briefly discussed by Brownscombe and Hallet(3%). In the
initial stage of freezing, the drop deforms into the
shape of a spherical cap of height h and base radius a.
The temperature of the ice particles remains at Te’
the environment temperature, until the temperature of
all parte of the drop has fallen to the freezing
temperature. Then in the =second stage, the temperature
of the drop remains at the freezing temperature until

the drop is completely frozen. Thus the heat transfer Q@

can be written as in equation 2.14.
Q = mra(T, - T)) (2.14)
where )\ ie the thermal conductivity of ice and nj i the

temperature of the drop.

in the

0

Hobbs(2Z9) has reported that the heat los
freezing of a drop by the thermal process ie very little
compared with the heat lose through the ice substrate.
Consequently, a drop of water on a substrate will
freezes in a direction outwarde from the substrate. The
following table 2.1 shows the values of heat transferqh
and mass transfer 9, for & drop t mm in diameter

freezing in natural convection of air at -10°C and -ze8°C

and also the value of O for a drop of the same diameter.
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(In unit 16 >J= )

Environment q

+ Q
A o h IR N
at temperature {(thermal) (eublim.) ttotal) (subsira.)
-18°C 1.81 1.36 3.11 37.76
-z8°C 3.462 1.33 4,95 81.68

Table 2.1: Heat losses by_therma] transfer compared with

heat losses through substrate.



CHAPTER THREE

NMUCLEAR MAGNETIC RESONANCE STUDIES OF WATER

3.1 INTRODUCTION

The determination of water in substances by
nuclear magnetic resonance is not a new technique. It
has been utilized in the <studies of foods, <soils and
alsec in studying the structure of inorganic and corganic
compounds.

The characteristic of an NMMR spectrometer
i itse wunique ability to single out hydrogen nuclei in
a substance and to give some information or the state of
binding of the nuclei in the substance. Figure 3.1 shows
&n examp]émof the NMRE spectrum of ethyl alcohol which
fhas 3 peake corresponding to the three states of biﬁding
of hydrogen in the alcohol.

In & similar way, MMR 15 also suitable for
the determination of the state of water in the concrete

paste.



Figure 3.1: The nuclear magnetic resonance
absorption spectrum of Ethanol. Showing the
three peaks corresponding to three types of
chemical binding of hydrogen atoms. (Ref. 54)

Figure 3.2: The two orientationé of a spinning proton in a
magnetic field. The orientation on the left represents the

normal state and the one the right, the excited state. (Ref.54)



44

3.2 PRINCIPLES OF MNMR MEASUREMENTS

A1l odd mass number nuclei posseses angular
momentum or spin of total magnitudes hI(I+1)%, where h is
the reduced Plank constant, and I is the nuclear spin
quantum number which may have integral or half integral
values., For the hydrogen nucleue or proton, I=1/2 and
for isotopee with no spin, I=6.

Quantum theory demands that the allowmable
nuclear spin states are qguantised and the angular
momentum qguantum number MI ' takes the walues
I,1-1,1-2,...,-1, o that there are 2I+1 cspin states of
the nucleus. For the proton with I=1/2, MI may anly
take the walues of 172 or -1/2,

| A nucleus with spin I  &lsoc  has an
associated magnetic moment py, arising from the effect of
the spinning nuclear charge. This associated magnetic
momen t also has 2I+1 componentes with magnitudes giwven
in egquation 3.1.

i
2

uo= uo(I(I+l))

where,

Ho= the nuclear magneton = (eh/4ﬂmnc).
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e = the charge of the nucleus.
m,= the mass of the nucleus.
c = the veiocity of light.

In the absence of an external magnetic
field, all of the cpin states possess the came potential
energy; but take different energy wvalues when an
external maanetic field is applied. The difference in
the energy between these states in & magnetic field is
ucsed by the MMR technique.

Water molecules contain only protons and
oxygen nuclei, where the oxygen nuclei have =8 while
the spin for the proten is equal to 172, With only 2
possible spin statez. In the presence of an external

these protons will orientate

[4

magnetic field H,,

themselves in these two possible waye &t shown

diagramatically in figure 3.2. The =pin state 172 1

m

w

parallel to the applied field and the spin state -1/2 is
anti-parallel to the field. The energy difference

between the two states is given in equation 3.2(48).

in

AE = uHo(Cosel - cosez) (3.2

where gy and 6, are the angles between the applied
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magnetic Ffield and the magnetic moment of the proton in
the two states.
From the Bohr relation for spectral

phenomena, we have eqgquation 3.3.

hv = AE (3.3
Therefore,

v = Mo(cose; - coso,) (3.4
From equaticns 3.1 and 3.4, we observe that the

frequency of radiation emitted or absorbed during the
transitions between the two statese depends on the

external magnetic field H, and the mase of the proton.

o
Since the emiszion or absorption of the energy is
diecrete for a particular proton,the transition can only
take place at the correct frequency.

In order to detect the nuclear resonance
frequency, a sinusocidally cecillating magnetic field H
is applied to perturb the atomic system. The protons,
which have & higher population in the ]owér energy
state, are promoted to the higher energy states or

extited <states with a net absorption of energy. If the

magnitude of the applied field is swept acroses the range



47

of the nuclear rescnance, then a sharp absorption signal
or spectrum is cbserved.

Howewver, the <ehape of the spectrum is
affected by the interactions of magnetic fieldes from
neighbouring nuclei, electrons and also adjacents
molecules.The interaction of magnetic fielde From
neigbouring nuclei and electrons, which 1is Known as
spin—-spin interaction, makes the local magnetic field
at thé gpinning nucleus vary from one point to another.
As a result, the resonance frequency waries and instead
of a sharp line, the absorption  spectrum becomes
broadened over a s=mall range of frequency.

The effect of material structure and the
state of binding of the protons on the range of
resonance frequency or the “"line-width" of the observed
spectrum, can be explained as follows.

Atoms in solid a&are strongly bound and
closely arranged, <o that the influence from the
magnetic field of adjacent atome is relatively large and
the absorption spectrum is shallow and broaden.

Orn the other hand, molecules in liquids are
loosely arranged and move randomly, <o that the
influence +from the magnetic field of other molecules

averages to zero. Thus, the proton MMR absorption
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spectrum of liquids is sharp and narT oW .

From the above discussions, we see that the
area under the absorption spectrum gives a measure of
the number of protons precsent, while the state of
binding of the protons can be deduced from the

line-width of the spectrum.
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3.3 INTERPRETATION OF NMR SIGNALS

The line-width of the cbserved absorption
epectra can be measured directly to give some measure of
the degree of freedom of protons and their neighouring
atome in a system. A narrow line—.widtﬁ correspondse to a
higher degree of freedom such as the spectrum for free
water which we shall discuss in the next section.

When an external magnetic field is applied
sthe protona sccupy a thermal distributicn between the 2
magnetic states according to the Boltzmann distribution.
On removal of the external_magnetic field, the system
will return to ite original equilibrium condition.
Howewver, it takes a finite time to readjuset or relax
back to that original condition. The characteristic time
taken is called the spin-lattice relaxation time Tl'
This relaxation time is related to the envircnment of
each particular proton. In a liquid, the mclecules are
moving rapidly and randomly, so that the effect of the
magnetic field from other molecules averages te zeroc in
the first ocrder pertubation. The second order
pertubation does not average to zero and provides a weak
coupling between nuclei and the liquid lattice so that

the relaxation time Tl is large in & liquid.



The nuclei are also coupled together via'
the magnetic fields of their envirconment. The degree of
coupling 1ie charactericsed by the spin-spin relaxation
time T2. In eolids the nuclei are cdup]ed together wvery
strongly becaucse the ‘e+¥ect of magnetic fields from
neigbouring atome 1is large. In & pure liquid, however,
the average effect of the random motion of the liquid
mq]ecu]es provides & weak coupling between nuclei and
the spin-spin relaxation time is large and of the same
order of magnitude as Tl'

The spread of magnetic fields seen by each
nucleus causes the absorption spectrum to extend over a
finite range of fregquency. This spread in freguency is
called the line-width and 1ie inversely proportional to
the spin-spin relaxation time T, . For the purpose of
practical interpretation, T, is defined in relation to
the line-width at intencsity at the resconance frequency
ot the pormalised abesorption spectrum curve(28). The
relationship between the lTine-width and Té y s

approximately given in equation 3.5
T, = (6.86x107°)/aH (3.5

where AH 1ie in gauss. The derivation of equation 3.5 is
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given in appendix C.

Thus, the amplitude of a normalised
resonance spectra can give a measure of the number of
protons in a system. After a suitable calibration by
using a system of a Known number of protons such as the
very narrow line of free water, the guantity of water
cantained in the unknown syetem can be measured, 1in

principle.

2.4 NMR SPECTRA OF LIGQUID WATER AND ICE

Isolated protone should give & <ingle line
aF the reconance frequency. In ligquid water the effect
of adjacent nuclei and the orbital electrons become
obvicus since the magnetic field +from the neigbouring
molecules are averaged to zero due to the Brownian
moticon. The value of the line-width in pure water has
been calculated by Seligmann{28> to have a wvalue of
2.?xlé-5gause.

Molecules in ice are clocely arranged in a
tetrahedral structure and the bondes between them are
much =tronger. Thus, the NMR absorption energy of the

protons has a large wvariation. Rabideau et al(54) have

measured the line-width of several forms of ice, the
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Fig 3.3 b: Spectrum of ice



smallest value they measured was for hexagonal ice,
with & walue of 16 gause. UOther forms of ice give
greater walues of line-width., Figures 3.3 (&) and

(b)Y show the spectra of free water and ice respectively.

3.3 NMR STUDIES OF WATER IN PORQUS MATERIALS

The state of water held in porous materials
ie the subject of study by NMR technique because of the
ability of the shape of the ocbserved spectrum to reveal
the state of water.

Poroue materials to be discussed here are
almost similar, or at least have similarities with the
characteristics of water being held in concrete paste.
Blaine(38), has used the NMR technique to understand the
state of water in some clay minerals, such as Kaolin,
halloysites, sepicllite and illites. Others(Z8,31) have
utilised the same technique in the study of water in
silica gel and cement pacste.

A1l the materials mentioned, are similar in
that they are porous and have the ability to absorb
water. The adsorbed water is subject to evaporation
either by heating or as a result of in low humidity

conditione at ambient temperature.



2.5.1 NMR STUDIES OF WATER IN CLAYS

Figure 3.4, 3.5 and 3.4 were takKen from
Blaine{(568), and show the NMR <spectra of Kaclin, illite
and pyrophyllite respectively. Spectra of Kaolin samples
clearly have 2 peaks. A narrow 1| gausse peak near the
central resonance frequency while a broad and
challow one extends cutside the central peak with a
width of approximately & gauss. On evacuation for 3 days
the shgrp line peak of Kaolin decreased to a certain
limit. After heating for 18 hours at 186:°C the height of
the central peak decreased further; the peak only
diminished to a small size after the cample had been
heated at 358 °C for another 13 hours. Throughout this
treatment, the & gauss broad line did not change. What
we can deduce is that the Kaolin cample has strongly bound
water which may be related to structural water. It also
has physically bound water with wvarying degrees of
binding energy as <shown by the warious stages of
evaporation and heating.

In another <cample of clay mineral, i.e
illite, the spectrum which 1is shown in figure 3.5, had
no obviocuse broad line peak as in Kaolin, only & narrow |

au
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0

s peak. It was reported by Blaine{(S8) that on
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‘Figufe'3.4: Défivative of'absofption curves
of kaolin sample after removal of various

amounts of water. (Reference 50)



drying to 286°C, the narrow peak diminished and a low
peak with &a line-width of 3 gausse appeared which
suggestse that, in illite, there is physically bound
water which does not evaporate even at 288 °C. In

pyraophyllite, after heating, the spectrum shows 2 peaks

as shown in figure 3.5. The broad 3 gauss line
correspondes to a structural water or chemical bound
water and the narrow cne with the line-width of 1

gauss, corresponds to <strongly held physically bound
water;

The line—width normally obtained with
hydroxidese or water of crystallization is about 8 ta 11
qause(S8) . Thus, in the above results, the Kacolin broad
line peak may be associated with chemical water while
the narrow 1 gQauss peak in Kaolin, 1illite and
pyrophyllite <cspectra arice Ffrom the strongly held

physical water.
3.5.2 STUDIES OF WATER IN CALCIUM SILICATE PASTES

Heating calcium carbonate with =silicon
dioxide at a wery high temperature will produces calcium
gilicate and R—calcium <cilicate. This is one of the

bagic processes in the making of cement. Therefore, it




ltite

PEAK SIGNAL AMPLITUOE, ARBRITARY UNITS.

SWEEP FIELD IN GAUSS )
Figure 3.5: Derivative of absorption curve

obtained on illite sample. (Reference 50)

pyrophyllite

PEAK SIGNAL AMPLITUDE, ARBRITARY UNITS,

SWEFP FIELD IN GAUSS

- Figure 3.6: Derivative of absorption curve
obtained on pyrophyllite sample. (Reference 50)




may be useful to Know the characteriestics of waéer
present in the paste at low temperature because the
water may have some <similar properties to the one in
concrete paste.

Ochiai et al{48) have reported that calcium
silicate and B-calcium silicate pastes, which they made
by heating a mixture of calcium carbonate and silicon
dioxide several times at 1558 °C, showed 3 MNMR peaks at
low temperatures between -38°and -86°C. The plot of
line-width of the sepectra against temperature‘is shown
in figure 3.7.

For control purposes, they also reported
the characterictice of water in individual compounds of
calcium hydroxide and silicon dioxide pastes. The
simiiar plot for these compounds ie shown in figure 3.8.

Figure 3.7 alsc shows the wvariation of
line- width of the 3 peaks of calcium silicate and
g-calcium silicate pastes which had been stored in water
for 1 day and 20 days. All the three peaks co-exist at
temperature -78°C at the line-width of about 1, 186 and
17 gauss.

Figure 3.8 shows a similar pattern of
1ine—width of the indiwvidual compounde. The lTine-width

of ice at very low temperature ic 16.5 gauss. Calcium
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hywdroxide powder gives an absorption spectra of
line-width 2.5 gause with a little variation over the
temperature range. Meanwhile, the hydrated calcium
hydroxide paste has a <imilar line-width to calcium
silicate paste at 18 gauss. Silicon dioxide paste gives
a line-width at 13 and 17 which is almoet similar to ice
at low temperature.

Ochiai et al concluded that the 3 peaks
observed were due to the 3 phasese of water in the
calcium silicate paste. i.e. solid ice at the line width
of 17 gauee which only appeared below —6GJC, hydroxyl
ion at 18 gause and adsorbed water molecules at 1 gauss.

From thie conclusion, calcium silicate
paste containe a chemically bound water, i.e. hydroxyl
ion, adsorbed water and <csome free water which only

freezes at very low temperature.

3.5.3 NMR STUDIES OF WATER IN CEMENT PASTE

First experimental studies on hardened
cement paste by HNMR technique were done by Kawachi et

al(52) in attempting to understand the characteristics
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of water in the hydration procese of cement. These were
followed by those of French and Warder(S3), before the
method was reviewed by Seligmann(34> for the study of
water in hardened cement paste.

Seligmann{28> in investigating the state of
water in cement paste utilized the <epin-spin relaxation
time parameter for warious compounds, including some of
the compounds contained in the cement paste. Table 3.1
showe the relaxation time T2 and their corresponding
line-width which were calculated from the relation in

equation 3.5.

Table 3.1: Relaxation time and line-width of

variocue substances.

State of water IZ relaxation _gine?width Ref.
time Y SEC . H gauss

1. Liquid 2.5x18° 2.7x1@ ° 28

2. Ice at 8°C , 7 18 2@

3. Protons in chemical
reagents(hydroxides) 7 g Sa
4. Bauxite {(water of

crystaitlization & 11 54
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5. Physically adsorbed za,

water in adsorbents 1660-3068808 3.63-98.1 al
4., Zeoclitic water ige-160a g.1-1.08 29

7. Interlaver water

in clay minerale 3J6-10060 #8.1-3.8 Se
g, Silica gel 2366 @.0279 28
?. Cement paste Zee-3560 g.13~8.23 28
16 .Broad peak in Kaolin 11 é 58

From table 3.1, the line-width and
relaxation time T, of adsorbed water in cement paste
falles within the ranges of the relaxation time of
zeoplitic water and the interlayer water in clay
minerals.,

Compared with water of crystallization in
bauxite and the hydroxyl ions of chemical reagents,
adsorbed water in cement paste ic far less strongly
bound. However, itismore strongly bound than water in
adsorbente or eilica gel.

Thus the physically adsorbed water in
cement paste is bound with a strength somewhere between
that of water of crystallization and that of adsorbed
water in many adsorbents.

I1f we lookK back to the work of Gchiai et
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al(&@8) which has been discussed in section 3.5.2, the 1
gauss line-width of the narrow peak of calcium silicate
paste is similar to the one of cement paste in table 3.1
above. It is therefore possible that water in cement
pasté may have a seimilar characteristic to water in

calcium silicate paste.

o
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CHAPTER FOUR

THE STUDIES OF MOISTURE IN CONCRETE PASTE

4.1 GENERAL STRUCTURE OF COMCRETE PASTE

fpart from water, aggregate or other type
of reinforcement material, concrete coneists mainly of
cement paste. The cement paste, which is a product of
the reacticn of water with cement mixture, has a firm
and hardened characteristic which bonds together
between the reinforcement material particles in  the
concrete.

Before we go into details of the role of
water in the hardening process, let us look at
composition of the cement, the aggregate stone and the

effect of coocling and thawing upon them.

4.1.1 COMPOSITION

There are four main constituents of cement
as given by Neville{ll) and these are tabulated in table

4.1 below:
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Mame of compound Composition
Tricalcium Silicate 3Ca0.58i0,
Dicalcium Silicate 2Cal.5i10,
Tricalcium Aluminate 3Cal0.A1, 04
Tetracalciﬁm Alumincferrite 4Ca0.ﬁ1203.Fe203

Table 4.1: Compocsition of cement

In addition to the above compoundes,
there alsc exiet, in minor percentages, the oxides of
21kali metale which are rcorrosive to some extent and
can caucse damage to the internal structure cf the
caoncrete pacste.

Among the_four main compounds, tricalcium-
zilicate is the most abundantdlild), although the relative
quantities of the compounds depend on the type of the

cement.

4.1.2 THE AGGREGATES

Aggregate may be the second most important
component after water, in influencing the properties of
the hardened concrete paste. It hae been menticned by

Neville¢11) that the interlcoccking of the aggregates and
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the cement paste, results in a strong bonding. However,
the <strength of the bonding depends on the aggregate
surface texture, its shape and its pore
characteristics(sl).

As mentioned in chapter cne, section 1.3,
crackse which occur  around the aggregates during freeze-
thaw cycles may be reduced by using aggregates of
similar shapes and sizes.

One might think that the moisture contents
of the aggregate might have some influence on the
dilation of concrete pacste at low temperatures. However,
Powers¢18) has stated that water 1in aggregate only
occupies large pores and this water freezes just below
8° C. Rhoades and Mielenz(s1) aleo reported that
aggregates which contained an abundance of large pores
cannot be damaged by freezing. Their conclusion was
based upon the excellent performance shown by basalt
rock at low temperatures. Powers said that this type of
rack may be protected in the same way as by the use of
entrained air in concrete paste.

Another aspect which has to be considered
is the chemical setability of the aggregate against
chemical reactione, such as those from alkaline

cclutione.lf the surface of the aggregate is reactive to
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the alkaline <olutions, then the 'integﬁity of the
original bond may be lost toc some extent. On cooling,
water from the frozen parts may escape into the space
around the aggregate and cracks méy then occur when this
water freezes and expande.

The =ize of aggregates contained in  the
concrete paste alsc has an important role on the
distribution of moisture in the concrete paste. Smaller
aggregate partit]ee have a larger surface area,
therefobe, there 1is more <eurface area to be wetted by
moisture. Paste with a emall <size of aggregates 1is

more compact with very small voids.
4.1.3 PROCESS OF HYDRAT IOM

The reaction of water with cement compounds
ie called the procese of hydration. The stiffness of
the paste is a result of the reaction of water with
dicalcium cilicate and tricalcium <silicate. The
product of the hydration process of both compounde are
cimilar, 1i.e. calcium <ilicate hydrates(é2), and this
hae been confirmed experimentally by Ochial et al(&8).

The equations of the reactions as followe;
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3Ca0.5i0,+H,0 » Ca(0H),+2Ca0.5i0,.Aq o 3Ca0.25i0,.Aq+Ca(0H),

2Ca0.SiOz+H20 > 2Ca0.SiOz.Aq > 3Ca0.25102.Aq+Ca(OH)2

Both of the compounds use approximately the
same amount of water in the hydration process, but the
reaction with tricalcium €ilicate produces more calcium
hydroxide,

Matured cement paste described by
Diamond(&3) consists of rocughly 784 calcium silicate
hydrates, 284 well crystallized calcium hydroxide and
a small percentage of ettringite (calcium sulphoal-
uminate hydrate) and <come cther minor substances. The
main products of the hwdration i.e. calcium silicate
hydrates, have & Jlow solubility in water which is
demonestrated in practice by the <stability of the
hardened cement paste in contact with water. Therefore
the products of hydration Fform a cover arocund the
unreacted cement compounds, and the rate of hydration
‘decreases. With an increase -in the amount of the
ingsoluble products, it becomes more difficult for the
water to reach the unreacted cement compounds. As &

result, the rate of hydraticon is decreasing continously.
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Therefore, in crder to achieve a mature concrete paste,
the paste has to be cured for a long périod of time. The
time required is dependent on the type of cement, i.e.
the size of the cement grains and the ratio of water to
cement. The curing time to achieve a paste with an
appreciable strength is normally 28 days in contact with
water at a temperxture of about 28 ° C.

Theoretically the total wolume of the
solid products of hydration is about 2.1 times(13)
that of the cement compounds. Therefore the hydration
products not only replace the cement but also the space
occupied by water. As the procese continues, the space
which was initially occupied by water, decreases. This
space is normally called the capillary pores. However in
practice, NMevillie(ily has calculated the toctal volume
of original water and cement and compared this with the
total volume of matured paste and found that the final
volume is less., Thus, even after the hydration is almost
complete, capillary pores must be present in the pacste.
Whether the pores are occupied by water or not is
dependent on the method of curing. If the paste was
given a surplus of water during the curing process, then
the pores are filled with water.

The rate of hydration ie also dependent on
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the curing temperature. At higher temperature the

o

hydrate compounde are produced faster{(14).This, facster
hydration process may produce & dense coating of
hydration products in the zone immediately surrounding
the hydrating cement graine and the subsequent hydration
becomes even slower. 1t has been shown(s&) that this
effect ie independent of water-cement ratic.

The physical properties of calcium silicate
hydrate is said by Verbeck and Helmuth{ld4),as porous and
similar to swelling clay. Bernal{(é4) had menticned that

the solid 1is in the form of wery thin fibrous cryesetals.

The space in between the graine of the hydrated
compounds is called the gel pore.These pores are
interconnected and their <cizes are wvery cemall. The

diameter of the porecs ie between 1T B and 26 A, and they
cccupy approximately 284 of the total wolume of the gel
or the solid products of hydration{11). Verbeck and
Helmuth (14 have reported that to get a uniform
distribution of gel, the ge=l to space ratioc <should be
about 8.6.

The <ize of capillary pores can wvary
between ©.81 and 13 ymetre and compricses less than 14%
by wolume of the matured paste. However, the actual

range of sizes of the pores depends upon the original
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water~cement ratio and the degree of hydration of the

paste.

4.1.4 PORES DISTRIBUTION

ke have <ceen that there two type of pores

in the concrete paste, the gel pores and the capillary

pores.

The gel pores are the interstitial espaces
between gel ﬁarticlee and they are interconnected
together. Howewver, the capillary borea are not
neccessarily .interconnected. This is because in the

process of hydration, capillary pores are filled by
cement gel and the pores may become disconnected and
blocked and so become capillary cavities. Thus, the
amount of discontinuities of the capillary pores depends
on the curing period and the amount of water contained
in the frech paste. Fowers et al(13) reported that paste

with w/c ratic 6.4, had lost 56% of the capillary pore

continuity after the paste had matured. The time
required to achieve the degree of the maturity as
defined in figure 4.1, for wvarious w/c ratios for
crdinary Portland cement wunder <standard laboratory

conditione are given in table 4.2 below.



Water~cement ratio time reguired
@4.48 3 davys
8.45 7 davs
8.58 14 days
g.s60 : & months
8.7a 1 year

Greater @.78 impoesible
Table 4.2: Curing period for variocus w/c ratio.

Powere et al have also estimated the
fraction of cement hydrated for wvarious water-cement
ratios at which the capillary pores continuity is lost.
For w/c=8.7, the cement must all be hydrated in order to
bBlock all of the capillary pores f(csee figure 4.1). It
follows that after 28 daye of curing time, only pastes
with water-cement ratic smaller than .6 have their
capillary pores blocked completely, i.e. the pastes have
matured.

Let use now examine the distribution of
pores in term of their wvolume and radii. Figures 4.2 and
4.3 are takKen from Brunauer et al{é5), which show
the pore vo]ume.distribution aof hardened Portland cement

paste with w/c ratice @.5 and 6.7 respectively. The
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data c¢hows that the higher

distribution

the integrated
twice the volume of the
the pores in both pastes
between
less

pores diameter

covered the range for gel

Verbeck and Helmuth{14) have

distribution of pore sizes

from 43 A to

.80 w/c pastes. The

4.4, They claimed that the

~for 11 vears. Each

occurence of the maxima

below.

Water-cement ratio

@8.33

8.85

a.86@

Table 4.3: Maxima of

of pore volume.

pores

1e A to 58 A. Because

than

18,660 A

dietributions are

curve
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w/c ratio paste hae a larger

Comparing the two figures,

pores volume of 8.7 w/c paste has almost

in 8.9 w/c paste. Most of

have diameters in the range

the data 1ie limited to

166 &, the distribution only

pores.

measured the

for & bigger <ize range,

in diameter of 8.35, 6.85 and

shown in figure

pastes had been moist-cured

showe two maxima. The

are tabulated in table 4.3

The maxima occurred at:

458  and 5504
1858 and 21@6hA
1188 and 35604

pore diameter distribution
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Maxima at larger pore diametere are
clearly shown to wvary with water—-cement ratioc but the
maxima at the small diameter are almost independent of
the ratic. The large diameter peak corresponde to the
capillary pore diameters. Thus, at higher w/c ratios,
pacete hae more capillary pores in agreement with Powers
et al(13.

If we combine the work of Verbeck et
al(45) with that from Brunauer et al,hardened cement
praste has pores with pore diametere concentrated at
about.15 By 188 & and larger than 558 & (deﬁending on w/c
ratio). Verbeck et al alsoc chtained & pore distribution
by using the same method ae& Brunauer et al, i.e. using
nitrogen a&absorption, théy found only one maximum at
about 308 A, although the range of diameters they
measured was up to 3808 A&, What we can conclude is that
agel pores may have diametere from about 1684 to 454 for
paste with low w/c ratico and can be up to 1684 for
higher w/c ratio paste.

Finally, 1let wus 1locok at the effect of
thermal cyclese on the distribution of pore volumes.
Rostasy’ et al(é7) reported that on cooling & cement
paste to =-178 °C the distribution of pore diameters

between 40 B and 588 & chowed no significant change.
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However, some change was observed in the range greater
than 588 &. Following & number of cooling cycles an a
particujar paste, they observed that the cumulative
pore volume in the range greater than S58@ & diameter had
‘increased, whilet the cumula}ive pore volume within 4@
to 568 A diameter had decreazed. They conclude that the
effect of cooling cycles ie to coarsen the structure of

the pores.

4,.1.5 DISTRIBUTION OF WATER

The presence of water in hydrated concrete
paste has been repeatedly menticoned in previous
sections., lte effects on the properties of concrete ics
universally agreed. However, i1ite dietribution in the
paste is still pot well Krown . The water has been
conveniently divided into two arbitrary catagories; i.e.
evaporable water and non-evaporable water. In mare
detail, the water may be categorised according to how it
ie being held in the paste. At present, we can firmly
say that there are two extremes cases of water, one is

free water while the other is chemically bonded water.

In between, there is physically adsorbed water. How the



adeorbed water is being held and what is its binding
~energy ie not clearly determined.

A moist cured concrete paste ehould contain
water in both type of the porese. Due to the smallness of
the gel pores, we can say that the water ie in an
adsorbed phase; whether it can easily evaporate is not
Known. Capillary pores which have diameters ranging
from 188 & toc 16 ume%?es may also contain water with a
binding energy which wvaries according to the size of the
pores. On leaving the paste in & room of S84 relative
humidity, we can notice that the paste has lost some of
its water. Then, on heating it at 188°C, another part of
the water ie evaporated.

Figure 4,5 shows some work done by Verbeck
and Helmuth{id4> on drying a concrete paste through a
various <stages. The wolume of water loss and  the
decrease in volume of the paste wase measured. The
ratics of the shrinkage to the volume of water loss are

given in table 4.4.
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Stage Range of humidity or temperature Ratio Abg/nhh

1 18@% RH to 20% RH 8.025
2 30% RH to 14 RH 8.22
3 1% RH to 288°C @.40
4 288°C to S525°C 1.08@

Table 4.4: Ratios of AUP/AUW {Reference 1&).

I+ we Jlook at the table, the water loss
during the firet stage of drving has no <significant
effect on the volume of the concrete paste, 1.e. the
shrinkage volume is only 2.4 of the water loss.

In a more dry condition or when heated to
280 C the water loss caused the wolume ratio to Eiee to
227 and 48X respectively. In  the last stage, the drying
caused the chemical bound water to decompose which may
explain why the shrinkKage volume is equal to the loss of
water.

It we look into +Ffigure 4.5, the change
between the stages ie abrupt suggesting that there are
different environment where the water ies being held.
Seligmann{28), based on his NMR results, said that the
adsorbed water in the concrete paste ie not evaporated

if the relative humidity is less than 88X. Thus, Verbeck
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and Helmuth‘s result suggests that the water losse in the
firet and second stages cof drying ie not the adsorbed
water of the type refered to by Seligmann.

Power=¢ 18> reported that water in concrete

it

paste ie in a tate of tension due to negative
hydrosetatic pressure which may Cause the water tc tend
to flow From a <caturated region into a less saturated
region. Thus, on drying a <caturated paste, the water
in the paste will flow cutwards in order to equalize
the hydrostatic tension. The water distribution in
concrete paste under a temperature gradient is therefore
alwaye changing.

Mater alsoc redistributes 1iteself under
cooling conditicons because on cooling,the temperature of
a paste will wvary from cne point to ancther. Thus water
in concrete paste will always be mowving until it
freezes.

The dietribution of water between
concrete paste and ite aggregate is different.Powers(18)
menticned that aggregate usually holds only a little
moisture under S58% relative humidity, but concrete paste
under a similar humidity condition may have a degree of
saturation between 48X to 284, At 284 relative humidity,

concrete paste can become fully saturated, whilst its



aggregate i =till nearly dry. It can only attain full
saturation if the humidity is at 188¥. Therefore, in
normal circumstances, the aggregates of concrete paste
cannot take the water from the Ffine texture of the
paste, wunlesse the surrounding paste ics already fully
saturated. Powers also said that a similar
charactericetic is shown by macropores {i.e. woids,
capillaries and air bubbles) in the concrete paste. A

macropore can anly take water from ite surroundings

after the concrete gel has become fully saturated.
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4.2 THE THEORY OF FLUID FLOWS IN POROUS MEDIA

4.2.1 GEWERAL

Mogisture may be present in porous media in
several phases; i.2. liquid, vapour or in the form of an
adsorbed phase. If the media 1ies exposed to low
temperature and the +fluid 1is water then ice may exist.
All of these phases have <come influence on the movement
of the moisture in the media along with other factors
such as gravity, the differencein concentration of the
maisture, and the temperature gradient.

Arnother factor which is significant is
the degree of <saturation. A saturated porous solid may
be assumed tao have pores Ffull of water or moisture;
therefore moisture Fflowe must be in the liquid phase
only. In an unsaturated porous solid, the pores are not
fully occupied by water and therefore two phase flow of
the fluid may be present(37).

A primary gquantity which we have to
consider is the temperature gradient because, it has a
great influence on changing many internal parameters in
porous media. At higher temperatures, the <colute

cancentration may easily wvary from one region to
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another. At low temperatures, the Fformation of ice
crystals can exert an extra pressure on the fluid flow.
The direction of Fluid Fflow can be in the
same or the opposite direction of the temperature
gradient. For example, liquid water movement under a
temperature gradient will be from the cold regicnsto the
warmer regions because of the extra hydrostatic pressure
produced during the formation of ice. However, liquid
water at low temperatures also moves from a less
concentrated scluticon in the warm regicone intoc a more

concentrated sclution in the cold regions.

4.2.2 DARCY’S LAl

The theory of laminar flow through
homogenous porous media 1ie based cn experiments
performed by Darcy on the flow of water through Ffilter
beds.For & filter bed of thickness L and a crose section
A and the depth of water above the beds of h, then the
flow of water through the beds in wunit time is giwven

according to equation 4.1.

k'A
L

Q = (h+L) (4.1)
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where K’ is a constant. Philip(57) hae giwven the Darcy’s
law in  a Fform as in equation 4.2 which 1is more

meaningful.

k

q = =S (4.2
H

where,

g = is equal Q/A, the macroscopic flow velocity.

8 = the magnitude of the potential gradient.
U = the wiecosity of the fluid.

K = the permeability of the filter beds.

4,2.3 FLUID FLOWS MODELS IN FPOROUS MEDIA

A  porous medium containe pores which can
either be interconnected or non-interconnected. In
order for a fluid to Fflow, the pores have to be
interconnected and therefocre 2 porouse medium should
contain a network of pores or capillaries.
Scheidegger{s8 in explaining +fluid +Fflow in a porous
medium has given two basic modele of a porous medium.

The Firet model was a parallel capillary

type model. The model represente a porous medium as a
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bundle of parallel capillaries which extend across the
porous body from one surface to the cppoeite surface.The
capillary diameter i constant along the flow line and
only waries with different capitlaries. The size
distribution of the capillaries diameters is al(d) across
the surface A of the porous bhody.

From the law of Hagen-Poiseuille(s8) Afor a
straight ciEcu]ar tube of diameter § and length h, the

flow equation can be written as in the following,

_ 78 p
128u h

(4.3)

where Ap ie the pressure drop and U ie the viscosity of
the fluid. If the pressure gradieﬁt of the Ffluid flows
in the x—direction is dp/dx, and the flow velocity is v,
then equation 4.3 for this flow becomes,

(4.4)

2
v = L 8°dp
o

A
32 dx
If the number of capillaries per unit cross sectional

area is n, then the porosity P of the porous medium can

be expressed according to equation 4.5 below,

P = 71; nwd? (4.5



88

Therefore, in wunit frontal area of the flow between
diameter 6 and {§+dS§ and thickness Ax, the gquantity of
fluid flowing through unit area per unit time is given

as,
q =13-' Pof$a(6)d6 (4.8
where the factor 1/3 is expressing that only one—-third

of the capillaries are in the ¥x—~direction. By

substitution of v from equation 4.4 into equation 4.6,

we have,
o
P d
= -——-?-ofaza(s)ds (4.7
96y dx
From Darcy’s law for & Fflow with pressure gradient

dps/dx, we have,

dp (4.8)
dx

o
I
= |x

By dividing equation 4.7 by equation 4.8, the
permeability of the porous medium can be written as in

the following equation.

[s0]
Kk = f82%a(8)ds (4.9
96 0
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Then, by defining the average capillary diameter AS,

«©

§% = [6%a(6)ds (4.18)
we can express the permeability k as below.
k = — : (4,11

Thise model has & drawback because each
capillary was assumed to be straight, with & constant
diameter like a tube, whilst a capillary in a true sense
varies in direction and diameter along the f1ow,

The second model, which is called a serial
type model, represents & porous medium as a body which
containg very tortucus channele connecting through all
the pores with one inlet at one surface and an cut]et at
the opposite surface of & porous body. In reality this
model also is far from true but it has a good
aspect in representing the capillariez in a better way.
i.e. via the tortuosity of the capillaries.

In this model therefore, capillaries of
different diametere are put together in series one after

another. If we assume that the length of the porous
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body and the length of a capillary are x and s
respectively and the pressure drop over the length of
the porous body is P, P then by Hagen-Poiseuille
formula, the equation of mean flow velocity over each

capillary is given as,

PprPy - 32 B¥Y 2 ‘ (4.12)
X ' §? x
where 62 is the average diameter of the capillaries

along the direction of the flow. Rearranging equation

4.12 we have,

v 1 X py=p;
= ~ (4,13
32 32U s X =

1¥ the density of capillaries per unit cross sectional
area of the body is n, then the total flow g of fluid

per unit area and unit time is given as,

nvme 2
4

(4.14)

ALIRE Pl (4.1%)
128y s X

Hence, q =

1¥f the porosity P is equal to (1/4) (nm &2 (/x> for each
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direction of +Flow, then for 3 dimensional flow P is

equal to (3/4) (n§2)<{s/x). Then rewriting equation 4.153,

0

82 s
1 =5z 7 (4.16

From Darcy‘s law the flow equation can alsc be written

according to equation 4.17.

(4.17

Then by dividing equation 4.14 by equation 4.17 we get,

p <2 ,X,2
k = 5% 5 (g) (4.18)

By introducing T=s/% as the tortucsity factoﬁ, equatiaon

4.18 becomes,

P 52

k = — ~— (4.19)
96 t2

If the pore <size dietribution of the

capilliaries ie a{(8», thus a fraction of pore space

a(§)d§ has a pore diameter between 6 and §+d§. Let the
length of - thie infinitesimal capillary with this

diameter, be de. This fraction of the pore space
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should also egual the ratic of capillary wvolume of
length ds to the whole volume of the capillary. We can
therefore write the ratioc as in the following egquation.
§

’IT(-Z-)ZCIS
————— = a(§)ds , (4.208)
Fr(S) ds
0 2

But the integration of the denominator of equation 4.20

can be written as

Px

s
T 1
4 : 3 n

g (4.21)

where n is the number of capillaries per unit area of
the porous body and x is the length of the capillary

where the pressure drop exists, Thus egquation 4.28 can

be simplified as,

T os2ds = 2 PX S(5)ds (4.22)
4 3 n

or,

T os27rdx = = PX 2(s8)ds \ (4.23)
4 3 n

since de = Tdx.

From Hagen-~Poiseuille’s law, the pressure
drop along the infinitesimal length dse can be

represented as,
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32pv
52

Ap = S ds o (4.24)

Substituting ds= Tdx, we get,

32uvTt
52

Ap = S dx ‘ (4.25)

For a total flow of fluid q per unit area and unit time

with a velocity v, we have the relation,

nré§2v
4

(4.28)

bq

nmé?2

or vV =

(4.27)

Then by eliminating v and 1 from equations 4.27 and 4.23,
respectively, into equation 4.25, the pressure drop Ap
can be represented as,

512 uPgx . a(§)ds

Ap = S ' (4.28)
3 (nm)? 56 -

From the Darcy’s law,

Ap = HX (4.29)

~la
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where K is the permeability; then by dividing equation

4.28 by equation 4.29, we qet,

1 _ 512 P s a(s)ds (4.38)

k 3 (nm)? 5

To eliminate n in equation 4.38, we have a relation from

equation 4.21 and replace s/x= 1. We then get,

nmé?

P (4.31)
4 31

Multiplying equation 4.31 by a{d)>d§ and integrating,

we get the wvalue of n as:
31 :
— = — J&%a(§)ds : (4.32)
4p :
Then by substituting into equation 4.38, we get,
2
% - Egl {faza(a)ds}zfiig%ﬂﬁ (4.33)

Comparing equation 4.1%9 and 4.32, the average diameter
of the capillaries is given according to equation 4.34

below.

a(s)ds
66

%2= {J§%a(§)ds}2S (4,34
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The models we have discussed above were
based on the capillary bundles model and the flow has
been assumed to be a tube flow which Ffollows Hagen-—
Poigeuille law. However, in the Fflow in porous media
such as concrete paste, the effect of the irregularity
of poree is affecting the Ffluid Fflow. Philip(5?
menticoned that this factor waes a2 limitation of models
based on the capillary bundles becaucse if the fluid flow
was not continous  then the fluid welacity will
COntiﬁoualy change in bdth magnitude and direction.

Adnother approach to =olwving the problem of
fluid flows in & porous medium was done by Powers et
al(58). The model wacs bhased on Stoke’s law of a falling
particle in a fluid which produces a drag. This drag may
be developed by the falling particle through the fluid
or by the flow ae it goee through the granular bed where
the particles are in fixed positions.

A particle +alling thfcugh a large wvolume
of fluid under gravitation <chould experience a net
force F as given according to equation 4.35.

3
F o= (ps-pf)(lT—g——)g (4.35)
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where,
P~ the dencsity of the solid particle.
Pe= the density of the fluid,
§ = the diameter of a sphere which having a same volume
ae the particle.
g = gravity acceleration =9.8 ms42.
1+ the +luid has a wiscosity, the particle
chould experience a drag or resicetance which is given

by Stcoke’s law as in the following equation.
Fr = 3mu(e)vd (4.38)

where,
p(8)= the wiscosity of the fluid at temperature g°C.

Y

the velocity of the particle.

d

Il

the drag diameter of a sphere which has the same
wviscoue drag as the actual particle.

When the falling particle achieves a constant wvelocity
Us y then the net force F must equal to the drag Fr.

Therefore,

8% (ps-pf)g
.= (4.37)
18u(8)d

Mow,if the falling particles are in a group
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of a large number of such particlee in a suspension, the
falling velocity of the particles should be affected by
the distance between the particles. Thus, the velocity
can be written s & function of the concentration of

particles in the fluid as in equaticn 4.38.
V(c,8) = Vgf(c) (4,38

where f(c) is a function of the total volume of the
particles. In & suspension, a clear fluid is produced
above.the particlies as the particles settle. The rate
of the clear fluid being produced ie equal o
(1/f) {dgs/dt), where A is the cross sectional area of the
fluid body and g 1ie the total number of particle

flacculate at the bottom. Thus,

d

el

(4.3

1
V(C’e) = K

o

t

From Darcy‘s law the rate of <cettling particles is

according to equation 4.48.

1 dg _ kah (4.48)
A dt L

where AhsL ie the hydraulic head of the fluid which can
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be written as below.

Ah _ (ps-pf)c
L pf

(4.41)
Therefore equation 4.3% can be rewritten as follows.

Vic,g) = Klps=pplec (4.42)
P

By substitution of equation 4.37 and 4.42 into equation

4.38, we get,

53
k = —t2 (2)f(c) (4.43)
18u(B)c d
Function (¢ in equation 4.43 was predicted by

Powers(38) according to equation 4.44 below.
fle) = (1 - c)Zexp(~F(c)) (4.44)

Then equation 4.43 becomes,

(l-c)?
c

P.9

= exp(_f(é)) (4-45)
18u(e)

(8)
d

From an argument that the flow of very thick particles

have effecte <From neigbouring particles, Hawksley(4%)
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had 'put a factor into equation 4.45. The factor is
called the tortucsity factor T1{(c) as before. Therefore,
Ps9 83 (1-c)?

k = lsu(e)(a) — t(c)exp(-f(c)) - (4.48)

Hawkeley found that for flocculated particles in

suspension, the wvalue of 7{c) was about 2/2.

4,2.4 THE FLOW OF WATER IM CEMENT PASTE

Cement paste is not & collection of
particles similar to particles in suspensian.
Howewver between particles in the paste there are

gpaces through which water can flow. The different
characteristics of the fluid +Flow arise from the
emallness of the spaces compared with the spaces between

particles in =&

i

vepension. The fluid Fflow in cement
paste may involve greater forces, which may be the
adsorption forces. Powers et al(S58) mentioned that
because of these forces the wviscosity of the fluid may
vary from one point to another in the pgste and may
depend on the concentration of the vparkiclea. Therefore

the viscosity can be written according to the following

equation.
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u(8,0) = u(6)ule) o aan

Then equation 4.4& becomes,

- 2
i u(ei5 (c) (lCC) exp(-f(c)) (4.48)
, 3
where B = ppg(ds/d)ch)
Y

By taking the logarithm of equation 4.48, we get,

(1-¢c)?2

In(k) = =(Inp(8) + lnu(c))+1nB+ln -f(c) (4,49

Assuming that the last 3 terms of equation 4.49 are
temperature independent within a =mall range of

temperature, then differentiating with respect to (1/T)

we get,
d(1lnk) - d(lnu(e)) } d(1nu(c)) ¢4.58)
d(1/T) d(1/T7) d(1/7)

where T is the absolute temperature. According to the
theory of Eyring(?78) the first term of equation 4.56 is
the normal activation energy of water while the second

term is an energy which 1ie related to the adsorption
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phase of the water. From Powers et al{(38, the first
term was almost constant (16¥% variation) between 6°C to
26°C and the <cecond term was assumed to he given by
equation 4.31 with o @ a constant.

dlnu(c
ute) = o c ) {4.51)

d(1/T) l-c

Thie is because the sffect of particle concentration on

the wiscosity depends on the distance between the solid

surfaces and hence is assumed to be invercsely
proporticonal to the local  hydraulic radius. The
hydraulic radius is proporticnal to (l=-c)/c (358).

Integration of equation 4.51, we get,

c
In pu(e) = + constant (4.52)

l1-c

—H] e

The integration concstant iz zero since limplc)=8 and g
c>o

ie therefore an empirical constant. Function f(c) in

equation 4.4% was asesumed by Powers et al(58) according

to equation 4.53 with Yy is a constant.
c

f(c) = y(—) ¢4.5%
l-c

NMow eubstituting equation 4.532 and 4.53 into equation
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4,49 we get,

(1-0)2_ c

In k = =1n p(6)-=(—=)+1n B+ln v (=) (4.54)
T 1l-c (¢ 1-c
Rearranging equation 4.34,
kc o
1n ,= 1n B - 1In u(e) - (= + vy)( ) (4.55)
(1-c) T 1-c

Equation 4.35 expresses the Flow of fluid in cement
paste. in terme of concentration and temperature. From
Poweres et al using the following constant wvalues:
B=(1.3& +8.1)x161%) a=1242 £ 133 y=0.7x0.5
the expression in equation 4.54 can be written
empirically as:
_ 1.36X10 *°@-c)? 1242

= exp(-{( + ().7)_0_}) (4.58)
u(e) c T l-c

The calculated walues of ¥ from equation 4.586 are

compared with the observed walues in tab]e‘4.5 below.




Temperatureqc K calculated x18 "me 'k observed xlé_iﬁé-l

6.28 15.8 15. 1
8.52 22.8 21.7
18.54 34.4 32.2
24,97 47 .4 48,2

Table 4.53: Permeability of cement paste (ref.S8&

From the above table, it appeare that the empirical
equation in equation 4.58 is well +Fitted with the

observed values of the permeability.
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4.,2.5 THE FLOW OF WATER UNDER A TEMPERATURE GRADIENT

In thie section we shall discuses the flow
of water in concrete paste when the paste ie& subject to
a temperature gradient below 8°0C,

Before we discuss concrete specifically,
let us examine some experimental results on water flows
in other porous media under a temperature gradient.
Kuzmak and Sereda(74é) have reported that there was no
flow of water due to the temperature gradient as long
as the body remained caturated. The flow began when the
capillaries began to unsaturate. In their experiment a
caturated gap of 256 umetres at a temperature gradient
between 8.9 °C to 499C, became unsaturated by the
appliéation of pressure. For this size of gap, &
prescsure of about 34 com of water caused the water to
flow as <shown in figure 4.46. Under a temperature
gradient, wapour distills acrose the gap and cendenses
on the cold surface, and produces a hydrauvlic head of
about 18 cm of water which can caucse the water to flaow.
However, thie amount of pressure canncoct uneaturate the
gép. As  the applied pressure was increased, and
unsaturated the gap, the observed rate of flow had a

large increase., Thie i¢ because the hydraulic head was
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increased and acted on the flow. A maximum was reached
when the gap was completely unsaturated; beyond this
point the cobserved rate of flow decreased.

Kuzmak and Sereda also studied the movement
of salt solution in & partially saturated porous medium.
They observed that the movement of salt in
solution in a porous medium does not depend on the

temperature gradient between 8.4°C to 47°C. See table

4.4 below.
Suction The rate Experim. rate Experimental
pressure of water of salts trancsfer rate of salts
cm _of water flow mlishr  under a temp. transfer at
gradient. 27° C.
1a5a 6.2 6.8661 6.0081
28 @.2 .‘ 6.a@a@1 a.8001

Table 4.4: Transfer of salts throUgh partially

unsaturated sand.

From the above results and previous
discussions on moisture distribution, water in a porous
medium flows from a higher pressure region to a lower

one wunder a temperature gradient but the transfer of
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salts from one region to anather does not neccessarily
relate to the temperature gradient. However, due to
segregation of ice, the concentration of salt solution
may wvary from cone region to another and this produces an
.asmotic pressure that can cause the salt scolution to
move. FPowers(8) <suggested that wunder a temperature
gradient, an osmotic pressure may be produced which he
calied a thermo—~ osmotic pressure.Based on discussions
of the Faraday Society(?7) on osmotic pressure, he gavé

a formula according to equation 4.57 belcow.
Ap = 0.92 log (T,/T;) (4.57

where - Ap ie the magnftude of the osmotic pressure
produced in newtonssquare mm. T, and T; are absoclute
temperatures of the warm and cold region respectively.
The plot of equation 4.57 i= shown in figure 4.7. For
a warm region temperature of about 288° K and with a
temperature difference of 26 degrees, the formuia
predicts an osmotic pressure of about 8.84 newton/sq. mm
(8.4 bar) being produced. This pressure is however very
emall compared with hydraulic pressures(iq).

The formation of ice lenses in a

restricted space such as in concrete pores will produce
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hydraulic pressures that move the water front. és the
© temperature is lowered further, the dimension of the
porese . may change and this may alter the hydraulic
pressure; the change of pressure will induce the water
to move accordingly.

Since the freezing temperature of water in
the concrete pores ie distributed between 8°C to -48°C,
the magnitude of the hydraulic pressure may also Vary.
Normall? when a concrete paste ie cooled down, the
temperature of the paste varies with the distance x from
the cold region of the paste. The function of
temperature with disetance can be expressed according to

equation 4.358 below.
6 =¢(x,60) (4.58)

where 8y ie the temperature at the surface of the
cencrete paste. The infinitesimal change of temperature

dg is therefore,
d8 = do(x,8,)dx (4.39)

The change of pressure with temperature can be expressed

as follows.
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p(e) = pyule) - (4.408)

. where Fyo ie the pressure at the initial condition. From
Darcy’s law, the flow of fluid q per unit area and unit

time can be written as below.

k dp :
= —~do(x,04)— (4.41).
g Hd)" O)Cle
k B ,
or q = ~dd(x,8,)p,du(8) (4.62)
u

since dp = pgdw(8)de

From equaticon 4.2&8, the Hagen-Foiseuille flow equation,

we have,

_ 512 uPqdx fa(ﬁ)dé

(4.63)
3 (nm)2" ¢§°

512 pPgdx ,a(8)ds

(4.44)
3 (nm)?2 §°

or pdy(g)de =

Substituting q from equation 4.62 inte equation 4.44, we
get an expression for the permeability as follows.

1y - 312 Pdo(x,8,)dx (a(s)ds 4. 45

k 3 (nm)? 5
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Then, integrating equaticn 4,485,

L

1 512 P _a(8)ds
(8)d8 1 i(x, 6,) dx (4.8

F(es-eo) T3 (am 2T 5%

where esand 6, are the temperatures of the body at x=s
and x=L respectively. Since liquid water flows from the
cold region to the warm region, L is the length along
the Fflow line between the twao regions wi th &
highest temperature difference. Equation 4.&4& can bé

written as follows.

L

1 9672
T ,Jdo(x, 8 )dx (4.67)
S

Jer” 1

k P(e -8,) ¢
S

1 fa(d)dé

(nm)?2 56

1 3
and ﬁ 3‘4—;-.!'523((3)(16

cince. 1/62

Nocw we have to find a suitable function
which can represent ¢(x,8,>. Since the function relates
the temperature of concrete paste with the distance x
from a cold region, it must contain the heat flux and
the thermal conductivity of the paste. Parrot and
Stuckes(?78)> have given an expression relating the
temperature with distance x for & heat flow through a

low diffusivity material asg,
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g =22 F(x,t) (4.468)
A

where Q@ is the heat flux, Ais the thermal conductivity
af the materixl and the function F{(x,t) depends on time
and is wvery complex. There are many unknown theoretical
parameters in the function. It can only be used in a
comparative <study of two or more different flows when
the unknown parameters can be cancelled.

Howewer, for heat laose Ffrom & solid
cyliqder of low thermal conductivity and at steady
state, Pratt(?%) has given the flow equation as in the

fallowing equation.

0 = 2wA'{1 + (g-8')}x3E (4.69)
dx

where the thermal conductivity is assumed to wvary
Tinearly within a small temperature difference and there
is no heat loss through a direction perpendicultar to the
direction of the Fflow. MNie the thermal conductivity at
an arbitrary temperature g'. Rearranging equation 4.49

and integrating, we get,

J{1 +(8=-08"')}de = 9 ydx

2rAt x
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8 -8, = — 1In = (4.78)

where 8'= 3¢9 +60) and 06 is the temperature at distance
x from the cold region. g,ie the temperature at the warm
regicn and L is the distance between the cold and warm

regiocns. Therefore the temperature function is,

ln — (4.71)

In the derivaticn above, the value of )
the thermal conductivity of the paste, has been assumed
to decrease linearly. In fact, it has been reported(7a)
that from 268°K to 298 °K the thermal conductivity of
porous scolide decrease by S8% and from 298°K to 288° K
the decrease 1is only 38X. This 1is because in porous
solide there are many parameterse affecting the heat
flows. In the case of concrete paste, the differences of
heat flows through cement gel, aggregates and water in
pores have to be considered,

Taking intoc account all the factore, Allen
and Thorne(88) have derived an expression for the
thermal conductivity in concrete paste as in the

following equation.




A -11) 2 |
A' = A (2M=12)+ atp (1-H1) (4.72)
in AaM+Am(l-H)

where,

Am = the thermal conductivity of cement gel.

A= the thermal conductivity of agaregates.

M = ie a factor related to the pores and ie equal to

(1—(1—P)%) and,

-0
i

the volume of cement gel per unit volume of

caoncrete.

Allen and Thorne have calculated the values of Aﬂ, Aa’ M

and P experimentally and these are given in table 4.7

below.
Am = 1.99 W/'mlC with 18¥ moisture content.
M =.8,245

Ay = 1.21 W/m°C for dolerite type aggregates.
Ag = 1.38 W/m°C for barytecs type aggregates.
Ay = 8.13 W/m°C for Haematite type aggregates.

Table 4.7: (From reference 88>

New differentiating equation 4.71 and substituting in
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equation 4.487, we get,

L
1 9612 I 0 L
- = — J —dx (4.73)
k P(0g=0,) §2 2TA' x
and on  integration of the equaticn, we have the
permeability equation as below.
21 A" -
_ 21A'(85-0,) (4,74
AQL 1In(L/s)
where & = (94 23/(P8%) and X' is the average walue of the

thermal conductivity between the dizstance L and =. The

expression of K can be written as,

_ 2mWATAT 4. 75
= —_—— ~ " 5
AQ In(L/s)
where AT is the temperature gradient and is equal to
(es—eo).-"l_-
Taking Q@ = 1.5 wattss/square metrec and
A= 1.7x18'% m™2 which have been calculated from T =273,

F=8.25 and average pore diameter T= %5 &, the average
thermal conductivity of the paste, ic calculated to be
1.71 watts/meter deq.C. Thus the empirical formula of

the permeability ie given according to equation 4.74.
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AT
In(L/s)

k = 3,77X1071%

[N

where K is in  sguare metres per unit length and in unit
time of the f1ow, 9, is at 9°C and L iz taken az 2
metres. The calculated walues of K zgainst the

temperature gradient for difference waluess of %, Aare

shown in figure 4.3,

A

T

according to figure 4.

s the flow of water

I

under a temperature gradient below B°C, 2t 3 diztzance =

from  the cold region iz increzsing 28 = increaszes. The

permeability of water at =zpecific temperatures hetween

.26 °C and 24.77°C as given in tabkle 4.5 are in  the
- - R

range from  15.1x16 'Y me ! and 48.Zx1m mz . But, in

the walue of the water permeability iz about
136x18” %% me"'. It shows that the temperature gradient

has a great effect an the flow of water.



4.3 THE FREEZIMG OF WATER IN CONCRETE PASTE

4.3.1 MEASUREMEMNTES OF HEAT CAPACITY OF CONMCRETE PASTE

The 'enthalpy ve  temperature curwe for
concrete paste below 8°C containe 2 contributicns, the
Epecifiﬁ heat of the concrete and the latent heat of
freezing of the water,. |

Measurementse of heat capacity 3HATY of

m

' 0~ \ .
cancrete samples below 8 " C can be done by using &

cooling calarimeter which will be described in chapter

! a

'
i1

The principle of the measurements is based
on assuming that the heat losse by a concrete sample is
proportiaﬁa} to ite temperature drop. Figure 4.% shows
diagramatically hew the heat iz ltost through the
concentric cylindrical copper walls of the calorimeter.
If the total heat lose in  time interwval AT is O and the

latent heat of Ffusion of ice ie L, then the heat

equation is giwven as follows.

Q = ZeAtAt = MZIAT + wa : (4.77)
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Figure4,9 :

Diagram of heat loss‘through the walls

of the cooling calorimeter



where,

o = coefficient of heat transfer through the copper

walls,

At= mean temperszture difference between the concentric
copper wxlls in time interval AT.

M = the heat capacity of the cample and the calorimeter.

AT= the temperzature drop of the sample in time interval

AT
e = the weight of freezable water that freezes in tihe

interwval AT.

The walue of the heat transfer coefficient

a was measured experimentaxlily wiaz & constant heat
supply from &  heater mounted on the inside copper wall
of the calorimeter. The cosfficient of heat transfer
was calibrated cwer the temperature range 8° ta —8@ o,
The calibration curves in figure 4.18 shaw  that the
value in a given time interval ;5 almost constant over
the temperature range. Therefore equation 4.77 can be

written as,
atat = (M/a)ZAT + (L/oc)wf (4.78)

Ta calculate the wvalue of M, seversl runs
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Enthalpy ZAtAT

Enthalpy line for paste
contains no freezable )

water,

Increasing

w/c ratio

L

<&——— Increasing temperature drop IAT

Figure4,11: The theoretical plot of equation
- ZAtAT=(M/@)EAT+(L/a)w, :




aof experiments hawve been performed on a solid metal
csample of heat capacity lﬂA . The heat egquaticn of the
experiments on  the metal sample iz given in the
following squation.

MM
SAtAT = (—c'a—l'A')" TAT (4.7%)

where the second term of the heat equation in this case
iz zero. By plotting the enthalpy agxinst  the total
temperature drop, M can be calcu]ated(ﬁ:HC+HA).

Theoretically, if a =zample is free from
water, the plot of enthalpy &gainst total temperature
drop should be &2 straight 1line, but due to the latent
heat of %Peezing of the water in the =sample the curve
will dewiate as shown in figure 4.11,

For concrete samples with higher water
-cement ratic the deviation is larger. Thiz dewviation
corresponds to the walue of the second term of equation
4.78. 1§ the walue of the latent heat of ice at the
corresponding temperature is Known, then the amount of

freezable water at that temperature can be calculated.




4.2.2 FROST RESISTSMNCE OF COMCRETE

Concrete paste which is subject to  low
temperature use, may be exposed to frost action.The main
reascon, as we have discussed since the beginning, arises
from the water content.

e Krow that some of the water in concrete
pacte is evaporable., It has xlsc been reported{7Z) that
water in capillary pores can be evaporated wnder 1ow

relative humidity and that the paste can recover come of

thie water lose on resoakin

it with water. Thus, =

primary factor invalwved in frost action on the concrete
paste is the degree of saturation.
The degree of caturation 1is defined

according to equation 4.268 below.

Wf

e —— (4,88
(wg+a)

s =
where wye and a are the weight of freezable water and
the wolume of air pér gn of <cample respectively.
Whiteside and Sweeti{?3) hawve repcorted that paste with

an criginzl degree of caturation abowve 8.% ie not frost

resistanty and below @.75, the pacste is frost
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Figure 4.12: The influence of degree of
saturation on frost resistance of concrete

paste. (Reference 73).
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resistance. Paste with original degrees of saturation
between B.7% and @.9 ie in a mixed condition. This
report  has been confirmed by MWarrizd{?4). Figure 4.1Z2
csheowe the frost recistance of the paste against the
degree of szaturation which they produced. The wvarying
degree of sxturation was achieved by wusing partly air
entrained paste and partly by drying.

Eecidee the water content, the air content
of concrete paste also haszs some  influence an the froaf
resistance. It has been reportedi?4) that after
prolonged  curing in water of beoth  normal and &ir
entrained concrete paste, the air woide decreace because
they hecoms partly filled with water; then the paste is
subject to frost acticn.

Since water coantent in concrete paste is
variable and depende on  ite surrcunding, it is wise to
examine the relation betwsen the degree of saturation
and the amount of absorbed water in concrete paste,
Warrisi?4) made & model regarding this subject. Starting
from the definition of the degree of saturation given in
equaticn 4.88 together with equatione 4.81 and 4.82 from
Copeland and Hayes({?%) , he arrived at the relationships

e in equation 4.83.



- = - —_ 7 e .
a = a, wg t B.Z23wg 4.81)
— — = | —
We= Wy 2'“”n - {4,882
W =2.5w W
s = 0 n a {4.83

+
W +a =2.,25w W +a =2.25w
0 0 n 0 0 n

where,
ag= the original wolume of water content per om weight

of

ample.

wy= the weight of absorbed water per om weight‘qf sample

wp= the weight of non-evaporable water per gm weight of
sample,

we= the original water content or w/'c ratio,

wt= the weight of total water content per ogm weight of
zample, equal fo byt

a-

Equation 4.8% contains two parts, For a given walues of

i

a, and wg the first part

o
1n

dependent on Wy and the
sgcond part on wy . Thus , according to this model, the
degree of =saturaticon ic characterized by two factors, W
which is related to the degree of hydration and wa the
amount of abscorbed water in the concrete paste.

The Frost resicstance of concrete pacste

can alsc be studied by ueing the dilation of the paste
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Figure 4.13: Thermal strain curves with a positive

and negative dilation factor Df at temperature t°c.
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upon cooling. Muorineni?72) has introduced a2 dilation

tance of =

factor in exprecssing the degree of frost resi

+

paste. He defined the dilation +Factor as the deviation
cf the contraction curve from fthe contraction line
between ZBE°C to 8°C of = cample. Therefare, if expansioq
occurs below @ °C, the factor will be positive as shown
in figure 4,13 for curve 1. Conwversely, 1if contraction
vaccurs below 8°C, the factor will be negative asz for
curwve 2. Based on his experimental results, he concluded
that a =zatisfactory frost resistance concrete paste can
be achieved if the dilation Ffactor is less than —-44

petrain at -268°C (as in figure 4.13).
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CHAPTER FIVE

EXPERIMENTS AND RESULTS

5.1 PREPARATION OF SAMPLES

A1l the concrete and cement samples were
prepared from an ordinary Portland cement (ASTM Type IJ.
The aggregates used in the concrete samples were from a
marine type flint aggregate of about Smm size and with
smooth surface but irregular shape. The aggregates
had been dried before casting. Samples with total w/c ratio
8.2 to 8.5 had a cement-aggregate ratic of 8.5 and for
camples with a higher w/c ratioc, the cement- aggregate
ratio wase 8.5.

The concre{e and cement paste' csamples were moist-
cured for at least 28 daye at 28°- 24°C. They were then
transefered intc a water bath and were Kept moist until

several hours befaore experiments.
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5.1.1 HARDENED CONCRETE SAMPLES

Preliminary concrete samples were cylinder
with 40mm diameter and 188mm height. The average weight
of the samples was 330 gm.

Later camples were 8 times  heavier with
diameter and height of Fémm and 288mm respectively. The
average weight was 3.8 to 2.5 Kg. Samples for heat
capacity measuremente had w/c ratios at 8.3, 8.37 and
8.4 and for dilation samples the w/c ratios were varied
from 8.2 to 8.7.

Three groups of samples for each w/c ratio
were prepared. The first group was the wet or moist
cured samples. These samples were kept.under water at z@°
to 24°C and they were taken out only for testing.
However, the excess water on the surface was allowed to
dry before they were put into the testing rig.

The second group were rewetted samples.
After 28 davs of curing period, these samples were taken
out and dried in the oven at 188°C until no further loss
in weight wae noticed and this took about 21 days. These
samples were theﬁ rescaked and Kept moist as in the

first group of samples.
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The third group were the dry samples. They
were dried as in the second group, except that they were

kept dry in the oven at 35°C in between experiments.
5.1,2 CEMENT SAMPLES

~Cement samples were similar to concrete
samples. They were prepared from a mixture of ordinary
Portland cement (ASTM grade— Twvpe 1) with water. Three
groups of cement samples were made with water—-cement
Patioé .27, 8.35 and 8.45. The samples were moist-cured
at 280- 24°C for 28 days and were Kept in the water
bath. These <camples were used for thermal strain

testing.
53.1.3 AGGREGATE S5AMPLES

The samples were made by cutting large

‘fLUm émuﬂesinto a rectangular shape of size 28x98 mm and
288 mm height. The <samples were Kept in & room of
relative humidity 5S8X, These samples were used in the

thermal strain experiments.
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S.1.4 SAMPLES FOR MMR TEST

The size of the concrete csamples was 28x4x4 mm and
they were made by cutting frem & large thermal strain
sample with w/c ratic 8.37. Each sample was sealed in a
glasse tube full of water.A rewetted NMR sample was
prepared by exposing the same moist-cured sample in &
low humidity room for more than & week. Then it was

rescaked in water hefore the testing were performed.
9.2 APPARATUS FOR THE HEAT CAP&CITY MEASUREMENTS

The cooling calorimeter which was wused in
the measurementse ie chown in figure S.1. Two concentric
copper cylinders, each with about Imm thickness, were
embedded intc two circular blockes of balea wood at both
ends. The balsa wood was used as the heat insulator, to
stop the heat ioet through the copper walls ends. The
thermal conductivity of the balsa wood is 5.58x 18 2
wattes/m®C and is less than that for polysterene. The
space in between the concentric copper walls was filled
with cotton wool in order to obtain a temperature
gradient between the walls., The 1lid of the calorimeter

was alsa made From a balsea wood. To prevent air
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The cooling calorimeter
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caonvection, the lid was made a tight fit.

An o earlier calorimeter had a similar set-
up except that it did not have a heater coil mounted on
the inner copper wall. Thie was because the measurement
of a, the heat transfer coefficient was made by using a
standard &aluminium sample of Known heat capacity. The
value of @ which was measured in this way wae 8.18 J/
°C.min. Later, the heat transfer coefficient ¢ was
measured by using a conetant heat supply from the heater.

according the following formula.

Total heat supply Q. _ QAT

= (S.1)
ZAtAT ZATAT

where At ie the temperature difference between the
copper walls and AT is the time interwval. The wvalues of
the heat transfer ¢ is shown as a function of time iﬂ
figure 5.2. A conetant wvalue is reached after about %8
minutes.

Calibration of the apparatus was made by
cooling a standard aluminium sample of ¥émm diameter and
288 mm height in the +Freezer cabinet which was
previously maintained at -88°C. The measured walue of

the heat capacity of aluminium agreed within 3%.




2.3 THE THERMAL STRAIN RIGS

Figure 5.3 shows the preliminary version of
the thermal strain rig. This rig can only test one
csample for each run of the experiment. To counter the
vibration of the freezer which may affect the reading of
the dilation gauge, the rig was rested on a thick rubber
pad inside the freezer cabinet.

A later wversion of the thermal strain rig
could test 4 <csamples at a time. It uses the same
principle as the preliminary version, except that it was
suspended by 4 steel coiled <springs inside the freezer
and it was also confined in an airétight chamber . The
setup of the apparatus is shown in figure 5.4.

A dial gauge of type Mitutoyvo,model 181Z2-186
with a sensitivity of 8.862 mm, together with a quartz
rod énd a quartz tube were uced to detect the dilation
of the test samples.

The whole thermal strain rig was confined
in a chamber toc prevent vapour in the atmosphere from
forming ice on the dilation apparatus when the
temperature of the Freezer is lowered below 8°C. To
avoid ice affecting the movement of the gauge, some

drying agents (Silica gel and Molecular sieve) were
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suspended in small bags at the opening of the freezer
lid, which is the place where the water vapour ie more
likely to condencze.

The calibration of the thermal strain
gauges was made by measuring the contraction of a
standard aluminium bleock. The contraction curves of
the one sample rig and the 4 sample rig are shown in
figure 9.9 and 5.& respectively. The data shows that
the measurement of the aluminium contraction is within

54 of the published wvalue of 22 pstrains®C.

S.4 UTHER APPARATUS

S.4.1 TEMPERATURE MEASUREMENTS

A1l temperature measurements have been made
by using copper—canstantan thermocouples with the
reference point at the ice point. The thermocouples were
made from standard thermcocouple wires of SWG 44.

The woltage produced by the thermocouple
Junctiocne was measured by a digital woltmeter model
Sclatron AZ218 Schliumberger with a sensitivity of cne pV.

For the measurement af the sample

temperature , two thermocouples were placed inside the
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samples, one in a hole at the centre, the other one in &
hole near the surface. In order to have a good thermal
contact with the sample, the holes were filled with
Some wacuum grease with a gquoted thermal conductivity
of 148 watts/m°C at 8°C,

Im the cooling calorimeter,the températures
of the copper walls were alsc measured by thermocouples

which were attached by PTFE tape (see fiqure S.1).

S.4.2 COOLIMG CABIMET

The cooling cabinet was a Z-stage deep
freezer, made by Ficens Cliffco, a capabkility of
achieving -8& °C easily. The rate of cocoling from room

temperature was about @.36°C per minute.
The rewarming process utilised a 1.5 KW
heater connected to a woltage regulator. The maximum

rate of warming was about @.37°C per minute.

“.4.,3 NUCLEAR MAGNETIC RESONARMCE INSTRUMENT

The instrument ueed in the testing of the

concrete samples is a BrukKer CXP 2808 cpectrometer with

an Oxford Instrumente Superconducting magnet. The



operating frequency was 2@@.@44,444,44 MHz in a magnetic
field of 4.47 tesla.
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9.3 RESULTS OF HEAT CAPACITY MEASUREMENTS

To prezent the results, the samples have
been agrouped as following.
Sample Al ... w/c= 8,30 moist-cured.

Sample Bl ... w/c= 0.37 moist-cured.

Sample Cl1 ... w/c= 0.40 moist—-cured.

Sample AZ ... w/c= B.30 dried to constant weight.
Sample B2 ... w/c= 6.37 dried to constant weight.
Sample B3 ... w/c= @8.37 B2 recoaked in water for more

than 23 days.

Enthalpy wvariation with temperature for
camples Al, Bl, Cl and A2 are shown in figure 5.7.Fiqure
2.8 shows the enthalpy-temperature wariaticn of the
rewetted <=ample B3, The curwves for the hoiat—cured
samples show that the enthalpy of the pacste decreases
gradually between 8°C and -45°C. Below -45°C the curves
are parallel to the enthalpy curve of the dry sample AZ.
The enthalpy of the rewetted sample in figure 5.8 =hows
a sudden decrease within a small temperature range just
below @8 °C. These two figures,show that the contribution

of the latent heat of +freezing of water in the

moist-cured samples is distributed owver a temperature
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range between 8°C ta -45° C, while in the rewetted
zample, most of the water freezes just below @°C,

From the data in figure 5.7 and 3.8, wvalues
of OH/T {(differential enthalpy) of the <camples are
platted againet temperature and are shown in figure 5.9
and 5.10 regpectively. Since c_ = { JdH/ BTDP y, these
differential enthalpy plots are the effective heat
capacity curwves. The walue of €p at each temperature
interwval contains the latent heat of freezing of water
over that temperature interval az= well as the heat
capacity of the cement matrix, the aggregate and the
various classes of non— chemically bound water. The
curve faor the dry sample AZ shown in figqures 5.7, 5.8,
5.9 and 5.18 is a straight line which shows that no
change of phase takese place. The walues of €h for the
rewetted <cample is wery larage within the temperature
range 8°C to -180 °C while below —-18°C the values of Cp
are very close to the dry sample.

Figure S.11 plote the difference in
enthalpy between samples Al, Bl and C1 and the dry
sample B2, to give the additicnal enthalpy drop
asspciated with the freezing of ine non-chemically bound

water. For free water, the enthalpy change from the

liquid =tate at 6°C ta the ice sctate at -48°C ic 440



Joulesgm and therefore the enthalpy differences have
been normalised to -448 jouless/gm between @° and -4@°C.
In the normalisation procedure, it was assumed that the
enthalpy change of the adeorbed water in the concrete
paste is the same as that of free water.

It can be seen that the normalised enthalpy
plots for samples Al, Bl and Cl of different w/’c ratios,
are close together. On  the other hand, the rewetted'
cample B3 shows totally different bghaviour. The ltatent
heat of freezing 1e largely confined to the higher
temperature range with %8¥ above -186°C. The remaining

18 appears to freeze between -35°C and -45°C.

5.4 RESULTE OF NMRE MEASUREMENTS

Figure 3.12 shows the effect of temperature
on the NMR <spectra of & moist-cured concrete with w/c
ratio 8.37. The adsorption spectra show only one peak
which corresponde to adsorbed water. The peak decreases
with temperature, while the line-width increases from
@.4% gauss at 28°C to 1.18 gauss at -188°C(see figure
2.17Y . The <chapes of the spectra do not change in
passing through the freezing trancition region and no

sign of bulk water or ice ie shown in the spectra.
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The rewetted cample has spectra with
different charaéteristic and is chown in figure .13, A
spectrum taken =zt 260 ¢ (figure 5.13 {(ad) has two peaks g
and B. The sharp line B is at a freqgquency of about 2.5
kHz abowve the main broad line ¢, On cocoling down to =33
°c, the sharp B line has aqgradually disappeared into the
shoulder of the o line (figure 5,13{e)). The sharp B line

corresponds to  the rewetting water. It is less
strongly adsorbed water and Ffreezes at a relatively
higher temperature, Jjust below B°C. 0On heating this
sample at 126°C as shown in figure 5.14,the sharp B line
diminishes after 18 hours {(see figure 5.14Ced>. Fiqure
S.14 shaws the relative change of the peaks o and B. The
o peak which may correspond to strengly adsorbed water
Haa cshown no change after 18 hours of heating and has
the same peak height from the beginning of the heating.
The line-width of the rewetted sample, on heating for 18
hours has only a small increase from 8.57 gauss to B.35%9
gauss f(see figure T.18).

The obszerved spectra of a fully saturated
moist-cured concrete sample have slightly different
characteristice compared with the oanes in figure 3.12.
The epectra, as shown in figure 5,13, have a sharp line

in the shoulder of the breoad line spectrum. Thie sharp
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line diminishes when the temperature is lowered below
=38 °C. The characteristics of this sharp line are
similar to the <harp B line in the rewetted sample.
Further MNMR studies are required to identify whether
this sharp 1inevi5 related to weakly bound or free water

in concrete pacte.
9.7 RESULTS OF THERMAL STRAIN MEASUREMENTS
2.7.1 PRELIMINARY RESULTS

Freliminary results on thermal strain have
been cobserved on a <ingle sample thermal strain rig.
Several rune have been performed on concrete samples
with w/c ratios 28.37, 8.42 and also on rewetted and dry
samples. There was no problem in getting the cooling
curves of all the tested <camples. But to get a warming
curwves there was come difficulty because ice frozen on
top of the <sample, melted and refroze at a lTower level
thereby affecting the measurementz. To reduce this
effect, the freezer cabinet was heated up and dried out
before every run of experimente. However, only a ¥eﬁ
recsul ts hawve been succeefully recorded with no

contamination from the ice. Figure 5.1? and 5.28 chowse
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the results on a <caturated concrete sample wifh wse
ratio ©.37 and a rewetted sample respectively. The
results on repeated thermal cycling of the saturated
sample {(see Figure 5.1%), show that the concrete paste
suffers a large thermal expansion between -28°and -45°C.
On rewarming back to room temperature, the results show
a hysterisis and the paste has a permanent increase in
length of about 258 to 2688 pysitrain after =ach thermal
cycle.

The rewetted sample had a different cooling
curve compared with the sxturated sample as shown in
figure 5.268. The thermal strain cccured between.ﬁoc and
-15°C and is only about 158 petrain, which is less than
half¥ of the thermal <strain suffered by the saturated
sample. On rewarming to room temperature, & hysterisis
occured and & permanent length increase of about 560
petrain wae observed. However, this result may be
affected by contamination by ice from the atmosphere,

as explained above.
9.7.2 THERMAL STRAIM OF COMCRETE SAMPLES

Samples of moist-cured concrete paste which

have been tested, had water—-cement ratios between 9.36
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to 8.78. In the presentation of the results, samples are

decscribed ac hbelow.

Sample P ... w/c 8.38 - saturated moist-cured sample.
Sample @ ... w/c 6.37 - saturated moist-cured sample.
Sample R ... w/c 8.48 - saturated maoist-cured sample.
Sample S ... w/c ¥.568 - saturated moist-cured sample.
Sample T ... w/c 8.48 - saturated moist-cured sample.
Sample U ... w/c 8.78 - saturated moist-cured zample.
Sample V ... w/c 8.237 - heated to constant weight and

rewetted.
Sample W ... w/c 8.48 - heated to constant weight after

curing.

The follawing cheervations of thermal
strain of the concrete paste have been performed in a

conftined chamber as has been discussed in section 5.32.

in

Therefore, there was no effect of ice.

Figure 5.21, 5.22, 5.22 and 5.24 <chow
thermal strain on camples P, O, R and § recspectively,
each with different deagrees of saturation. The water
content in the concrete paste was wvaried by leaving the
samples in a dry chamber for different specific periocds.
For sample P, thie wariation of water content hae no

signifticant effect on the thermal strain characteristic
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of the <camplé. The only obvicus change of .the curve
gradient is between -25°% and -45 °C (zee figure 5.21).
Comparing the curves with the one for the dry sample W
in figure 5.38, it can be seen that sample P suffers
some dilation between these temperatures (-35% to -45°0)
due to the evaporable water at 1686°C,

For csamples @, R and & {w/c 6.37,8.4 and
8.3, leaving the szaturated samples in the dry chamber
has changed the characteristice of the thermal strain
curves as shown in figure 5.22, 5.23 and 5.24, After =
weeks of drying in the dry chamber {laow humidity
chamber) ,the thermal strain curves of camples R and &

{eee tigure 5,23 and 2.24) have the same characteristics

w

as sample P in +igure S5.21. On recscaking the sample as
for sample @ (see figure 5.22), the thermal strain curve
has a similar shape to the one for the rewetted cample
in figure S.28. The increase in contracticon on cooling
from 8%to -45°C due to the water evaporation after 3
weekKs in the dry chamber i about 386 ypstrain to 456
ustrain for samples R and S.

On rewarming of these camples, with the
exteption of & recspaked sample @, no permanent change of
length wase cbserved,.

Howewver, <camples T and U (w/c of 6.6 and
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8.7 have suffered & permanent change of length of
between 568 pstrain to 200 yetrain after one thermal
cycle f(see figure 5.25 and 5.2& . It should be noted
that these samples with higher water—cement ratio take a
long time to mature. In this experiment these samples

had been cured Ffor 28 day

i

. only. after one  thermal
cycle samples T and U were found to be cracked and no

further experiments could be carried out on them. This

w

cracking did not happen to samples P, @, R and

Atter the above experiments had been
performed samples R and 5 were put back in & water bath
and coaked for several weeks before being tested again.,
Figure 5.27 and 5.28 <show the thermal strain of the
rescgaked samples R and § after repeated thermal cycyes.
gfter the Ffirst thermal cycle, both rescaked samples R
and S showed a permanent change of length, but this
permanent expansion was less after the second thermal
cycle. On further resocakKing esample R, as has been shown
in figure 95.27, the permanent expansion cccured again.
Howewver, if we compare the thermal strain curwves of the
rescaked Samplesiﬁ R and 9 in figure 5.27 and 5.28 with
a rewetted sample {(sample V) in figure 5.2%Y, there are

some differences. The thermal expansions suffered by

sample R and 5 were large and occcurred between -28°C and
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-43 OC, whereas, the thermal expancsion of the rewetted
sample occurred almost immediately below 8°C.

The fallowing figures, from Ffigure 5.31 to
5.37 show the coefficient of dilation of the concrete
samples againet temperature. The dilation coefficient
ie defined as equal to the thermal strain/degree
celcius., The wvalues were calculated from the thermal
strain curves of samples F, R, &, WV and W and show the
maximum positive walue of the dilation coefficient
cccurs between about -28° C and -45°C. The figures also
show that the positive dilation decreases with
decreasing saturation of the samples. Comparing these

curves with the one for a rewetted <sample in figure

i

. sfas, showe that the rewetted sample V, suffers a large
expansion between @ °C and —1@00, which does not cccur
in the moist-cured samples. Howewver, the rewetted cample
showe come expancsion on coocling between -26 °C and
-45°C which shows that the rewetted sample still has
come water with similar characteristic to moist—cﬁred
concrete paste.

The coefficient of dilatiaon during
the rewarming process, has little variation between the
samples. The maximum expansian occcurs at about -20°C as

shown in figurs S5.33, 5.35 and §.37. However, the
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rewetted <cample has a larger expansion than with the
moist—cured one. .

There is another difference between the
moist-cured and the rewetted samples. The height of the
maximum in the rewarming curwve of the saturated moist-
cured sample ie emaller thamn that of the peak of the
dilation coefficient during coaling., Howewver, the
peaks for the rewetted sample have the same height in

both the cocoling and the rewarming pProcesses.

Figure S5.38 shows dilation factore (as
defined previcusly in section 4.3.2) of the concrete
samples with w/c ratics 8.36, @.49, 6.356, 0.50 and @.70
respectively. &ll zamples chow positive dilation factors
with the highest w/c ratioc yielding the highest value.
After 2 weeks of drying in a low humidity chamber, the

dilation factors of the 8.48 and 8.5@8 w/c pastes have

the same sfalues ac the 8.38 w/c paste.
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5.8 OTHER RESULTS
S5.8.1 THERMAL STRAIN OF CEMENT PASTE

Three <caturated moist—cufed cement camples
with water-cement ratice of B.27, @.35 and 8.45
respectively, have been tested. The thermal strain
curves of the <camples are <chown in Ffigure 3.3%. On
cooling, only the sample with w/c ratio 8.45 showed &
large. thermal expansion of about 1486 uwstrain, followed
by & net contraction on warming back to 8°C. The other
two samples showed no expansion in passing through the
ice nucleation temperature. After the experiment, all
the cement <camples had been found to be cracked. These
resulte are therefore not reliable, but are included to

indicate the etrange behaviour obserwved.
5.8.2 THERMAL STRAIN OF AGGREGATE SAMPLES

Figure S5.48 <hows the thermal strain of
aggregate camples cut from large flint stones picked out
of the marine aggregate. All of the £ix samples
contracted differently ranging from about 168 ustrain.to

16608 pystrain at -S8°C. Only sample 2 showed an expansion



in passing through the -48 °C toc -45 °C temperature
interval. On the other hand, samples 4 and & showed an

abrupt contraction in passing this temperature interval.
5.8.2 THERMAL STRAIN OF INDIVIDUAL COMPOUNDS

Silicon dioxide and calcium hydroxide
powder have been mixed with different amounts of water
and tested. These compounds are residues of the cement
hydration and might be present in the concrete paste.
The pastes wer e cocled down and the observed
contracticns are plotted in figure 5.41. The curves show
that the pastes have a large contraction on cooling to
-88°C; about three times that of a low w/c concrete

paste, and approaching the thermal contraction of ice.
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CHAPTER SIX

&.1 IMTRODUCTIOM

Thie chapter begins with discussione of
the results. Analysis of the results is concentrated on
the effect of water in the concrete rpaste. From the

experimental result

111

; & echematic classification of the

different types af water, with different binding

o~
Pt
I

MALYSIS OF HEAT CaPACITY RESULTS

On cocling down a caoncrete paste, the heat
capacity consists of the heat capacities of the concrete
matrix, the non-evapcorable water, the evapcorable water,
air in the wvoidse and the latent heat of freezing of the
water. The contributicon from the heat capacity of air in
the woids iz small and negligible.

Mater lost in low humidity conditionz and
during drying at 188 °C can be considered az the

evaporable water. Thusz, the enthalpy and (3H/3T) curves
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in figures 5.7, 5.8, 5.9 and 5.18 for the dry sample are
the curwves for the con;rete matrix plus the
non—evaporable water. The difference between the
enthalpies of the concrete zamples from the curve of
the dry cample is assumed to be the enthalpy of the
evaporable water, including its latent heat of
freezing. The curwve for the dry sample is almest &
straighf line, which suggests that no freezing of water
with associated latent heat takes place in that aample.‘

The enthalpy—temperature curve  of the
remwetted sample in figure 5.8 at & temperature below
-18°C, is parallel to the curwve of the dry sample with =z
ditference of AH of 11 JSgm. for the zample. As we have
discussed in zection 4.3.1, this difference 1is due to
the latent heat of freezing. Since the deviation of the
curwe cnly occurs  above -18°C, therefore, water in the
rewetted concrete zample freezes above —18 °C with an
enthalpy equal to 11 JAgm. If we assumed that the amount
of water Frozen within 18 degrees below @8 °C is We and
take the awverage latent heat of freezing of pure water

between @°C and -18°C to be 308 J/gm({2?), therefore,

300we + cpAT(we - wg) = 11 (6.1
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where W is the sample weight of the evaporable
water, measured to be &.54. For the walue of cpequal to

4.2 Jfgot, we get from equation 4.1, that the amount of

-+

water frozen within the range of temperature is S.éx.
The curwe of (QHAATY in figure 3.18,for the
rewetted sample =zshowe that there ie some water which
does not freeze above —-18 °C.  The enthalpy of this
remaining water eguals the area between the curves in

the figure betweesn -18°C and -48°C, which is 4.5 J/agm.

Therefore,

it
P
~—

wchT + 0.0BZciAT + wbL = 4,5 {

where-cw and c; =are the specific heats of water and ice
recpectively., w is the weight of water freezing between
-18°C and -48°C. For c,=4.2 J/gm°C, c;=1.94 J/gm’C{from
figure 4.2y and the latent heat of freezing at -40°C  of
248 JSom.(2%), then w is equal to 8.7%4. This amount ic

abkout  18Y¥ of the total ewvaporable water in the rewetted

Water in samples Al, Bl and C!1 do not
fresze in the same way as water in the rewetted sample.
The enthalpy curves shown in figure 5.7, show that the

water freezes gradually between °C and -45° C. Thus the



enthalpy cobserved is a mixture of latent heat and the
specific heat capacity of vthe supercooled water. The
area under the curwes in figure 5.7 giwe the wvalues of
the enthalpy change. To calculate the azmount of water
frozen in these samples in a came way as the rewetted
water, ies erroneous because the tatent heat of
freezing waries between 8°C to -45°C. From figure 5.11,
if each gramme of sample containse % gm of Ffreezable
water, then the enthalpy dus tc the latent hext of
freezing, and to cooling from a°c ta -48°cC is 448x
Jsgm. The total enthalpy change AH of each gramme of

sample can then be expressed as,

AH = 440x+ (l-x)Ah : (&3

where Ah is the enthalpy of the dry sample. x can
therefore he calculated from equation 4.2, The values aof

x are tabulated in table .1 below.
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Concrete W e Percentage /4 of evaporable Xy
sampl e ffﬁi? of water(g} water v
Al .38 4.5 &.68 B.75
B1 @.37 5.9 2.7 T B.4B
C1 . @.4m 7.2 2.8 6.82
Rewetted @.37 3.2 &.35 @.4%

Table &.1: Percentages of freezable water in

concrete samples.

From these data, it is concluded that about
75% of the evaporable water in moist-cured samples is
frozen between 8°C and -&8 °C., But in the rewetted
sample, gnly half of the evaporable water freezes
within thie temperature range.

Aleoc the freezable water freezes in  a
cimilar manner for the 3 samples, indicating that it is
in a similar physical state.

é.2 ANALYSIS OF NMR RESULTS

Becidez the chemically bound water, the NMR
spectra of moist-cured concrete samples show that the
paste contains physically adsorbed water (cee figure

5.12) . Howewer, if the cample is made fully saturated,
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]

as shown in figure 5.1%, there is a sign of Ffrees or

loosely bound water in the moist-cured sample. The sharp
line in each of the spectra of the sample is similar to the
gsharp line of the rewettsd sample and diminizhes on
cooling..

Figure 5.17 compares the line-width of =
moist-cured concrete zample with the line-width of the
rewetted sample. The line-width of the moist-cured
concrete sample increases proportionally with decreasing
temperature but the line-width of the rewetted saﬁple
remaine unchanged between 8°C to -28 °C. Below -2@°C,

1

the line-width increase tre walues which are higher

1]
i

than those of the moist-cured zample. These results
therefore support the conclusicone from the heat capacity
mezsurements, The formation of ice in  the moist-cured
concrete paste cccurs over the temperature range Afrom
g% to -45 °(C, whereas the rewetted water freezes
within a small temﬁerature range near 8°C.

On heating'the rewetted sample at 128°C,
the rewetted water is evaporated, leaving only the
non—-evaporable water. This water is tightly bound, and
does not evaporate at 128°C over a period of 18 hours.
This ie shown by the wvery small change of the line-width

over thie period of heating {(see figure 5.18) . Comparing
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the areas under the absorption spectra of the rewetted
sample at room temperature (figure 5.14 a.> and after 18
hours at 128°C {figure 5.14 €.y, indicates that the
amount of non-evapcorable water in the rewetted concrete
cample is about half of the total amount of water in the
paste at 28°C.

A411 of the MMR results show no =ign of bulk
ice. The observed broad line spectra is due to the
chemically and physically adsorbed water. The loosely
bound water or free water found in the rewetted sample
may alseo be present in a fully saturated concrete
sample. This water ig easily evaporated in low humidity

conditions.
&.4 ANALYSIS OF THERMAL STREAIN RESULTE

The preliminary results showed that the
concrete paste suffered a permanent expansion after‘each
cooling cycle.The moiszture condition around the samples
was not controlled and possibly the local relative
humidity was more than B84,

Recults in later experimente showed that
samples with w/c ratios less than 8.5 on a first time

rooling do not show the permanent expansion. Further, if



they are not exposed to moisture or resoaked in water,
these samplese do not suffer a permanent expansion after
subsequent cocling cycles (see figure 5.21, 5.22, 53.23
and S5.24>. In thie study howewver, samplec with 8.4 and
B8.7 w'c ratico cshowed a permanent expansion during the
first cooling cvcle, | Thie ie because these samples
contain free water or loosely bound water &2 in  the
rewstted cample because they were not fully cured in
the standard 28 dawys curing time,

Figures 5.27 and 5.28 =shoa  the thermal
strain of dry moist-cured concrete samples which had
been recoaked in water for more than a week after a
thermal cooling cycle. Both samples chowed & permanent
expansion on this woaccasion, On repeating the cooling
cwcle on  the same samples, the permaﬁent expansion
becomes less. This characteristic has been found similar
to the rewetted zample, except that the rewetted water
in the dry and rewetted concrete paste freezes at higher
temperatures. It i concluded that there ie a
possibility that scme of the water abscorbed during the
resoaking escapes from the samples on cooling.

We conclude that the evaporable water in as
-made moicst-cured concrete paste hasz a stronger binding

energy compared with the abesorbed water that goes
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1

into the sample on resoaking. However, this absorbed

water has a s=tronger binding eneragy than the water held
in a dry and Péwetted csample. Water in the dry and
rewetted zample appears to be similtar to water that. is
absorbed intoc the paste after only one or two days of
resoaking. This is shown in by figure 5.22 for sample Q.

By definition, drying & concrete paste at
168°C to constant weight, drives out all the evaporable
water. Some, but not all of this evaporable water i=s
lost by exposing the moist-cured concrete paste in & 1 ow
humidity condition at 20 0 ¢, 0On resoaking, this lTost
water is recovered, but this water does not, now have
the same binding energy as the original evaporable
water.

dccording to  the discussions in section
4.1.4, the effect of the cooling cycle is to coarsen the
pores and therefore increass the diztribution of targer
pores. Water in the larger pores iz less strongly bound
and freezez at higher temperatures and this explains
why the absorbed water of the rescaked tafter freezingl
paste has a weaker binding energy.

Figure' 5,32 f=zample R w/c =8.4) and figure
5.34 fcample 8 w/c=8.5 ¢how that the dry samples have

similar dilation coefficients of ~18x% 1@ ° OC-I,' except



 in tﬂéwregibn -25° to —45°C where the dilation coeffiéiéﬁ£>§éék1
to approximately zero. Thics behaviour ie also similar to
that <chown in figure 5.31 (sample P w/c=8.32), for the
saturated moist-cured <sample. On the other hand, the
positive peaks in dilation coefficient around -4 C for
the saturated samples are clearly due to the evaporable
water which is lost by drying at room, temperature.

The ditation coefficiente of <camples R and
% alzo show a small negative peaks at about -18°C, which
does not happen in sample P, the rewetted sample and
the dry cample. This decrease iz larger for a sample
with a higher degree of saturation. There are two
pocsible explainaticons. Firet, the formation of ice
lencsezs in moist-cured concrete paste at temperatures
near 8°C, does not expand the paste, since the wvoids
valume may be encugh to accomodate the extra volume of
the ice. kWater mowvement may be encouraged, either as
liguid movemen t arieing from changes in solute
concentration, or as wapour due to local temperature
differences, and the associated YApOoUr pressure
differences, produced by cooling. Thus water moves out
from the gel spaces inta the frozen water regions in the
larger pores and this causes the paste to contract. As

the temperature is lowered further, the ice lenses
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increase and when there is no more wvoid to accomodate
them, further Freezing of water makKes the <cample
expand.

The second possibility is that when ice
lenses form in the concrete pores, the hydraulic
pressure may force some of the loosely bound water to
escapé from the sample surface and therefore the gel
space surrounding the frozen part has a higher water
content. Hence this water moves ocut to the frozen area
and the paste contracts. However, if this assumption ie
true, then the rewetted sample <should have a =maller
value of dilation coefficient in the range from @°C to
-18°C, since it contains more loosely bound water. In

fact, the peak values of dilation coefficient of the

rewetted sample at -18 ®c is the same as that of the
saturated moist-cured samples; i.e. 3@8x1@°-® O
Therefore, we conclude that if there ie some water

escape during cooling, it must be wery littlé and is
not & major reascn for the contraction of the paste. It
should be noted that time dependent changes of the
ditation cosfficients would be expected if water
mowvement during coocldown was important. Further thermal
strain measurements need to be carried out at different

cooling rates.



A1l moist camplez showed hysterisis on
rewarming. Thie may be due to ice <eegregation. During

cooling, water in the es freezes between 8°C  and

e
J
3

-45°%C, due to the smalln

Y
o
in
m

of the pores and also
te some extent because of the depression of the
freezing point ae the concentration of the sclute
increases. On rewarming the paste, the ice melts at a
higher temperature, because it is now in a more pure
state.

Fcllowing the dizcussione in section 4.3.2,
on dilation Ffactor, the concrete samples which have
been tested hawve either zera or positive dilation
factors and their dilation factors increase as the
temperature decreases. The values of the #actors for the
samples are tabulated in table &.2 below. Some of them

were plotted in figure 5.38.




Temperature °C

Sampl es WA C -1@ —-28 -24 -486 -S54 ~-&8 -78
Pled 6.320 @ 48 11@ 218 31@ 268 324
P{3d) a.30 @ 7a 128 238 34a 328 388
R{e) @.48 -26 -28 & 268 - 430 788 746
R{ 3w @.44a 28a &8 126 zZee 2va 26a@ 328
S(s) g.56 2@ 114 128 S86 71ld 748 7ge
S¢ 3w g.50 36 =1 106 18@ 258 298 298
TCs) 8,50 c15) 196 Sa@E 1838 1488 1818 14520
Ucs 6.7d 78 498 258 1588 1858 1888 1840
() - saturated. (3d) - after 2 daye in a dry chamber.
(3w = after 3 weeke in a dry chamber.

Table 4.2: Dilation factore of the concrete zamples.
inpstrain.
Thie data shows that after leaving the moist-cured
concrete Sumples with w/c ratic 8.4 and 8.5 in a dry
chamber, the gomp!@g have dilation factors similar to the
saturated moist-cured concrete - . with w/c ratio 8.2,
It is concluded that the degree of

saturation affects the thermal behaviour of the concrete,

Water which is affecting the thermal strain
charactericstics of the concrete i easily
evaporated at temperatures below 1@ °C., There are

several indications that this water comprises about 734



of the total @ evaporable water for w/c of 8.4 and 6.3,
However ascmpk& with low w/c ratic does not appear to

hawve thie Kind of water.
&.5 EFFECTS OF AGGREGATES aAaND O0THER SUBSTAMCES

We hawve wused only one type of aggregate
made from Fflint stone. Our samples had unduly different
thermal strain curves which suggestse that the internal
structures of the aggregates are different. 0On cocling,

they showed contraction only, with values between -200

Uetrains to —12860 upstrainse at -&8 °C. If the results
truly represent the thermal contraction of the
aggregates in the concrete y then further studies
are needed to evaluate the impartance of aggregate on
the properties of concrete below 8°C.

Calcium hydroxide and silicon dioxide

compounds may be present in & low w/c ratio concrete

because an inadequate supply of water in the
hydration process may result in some of the compounds
being unreacted. Results show that these compounds, if
present in the concrete ", do not contribute to the

thermal strain of concrete " during cooling.



&.6 WATER IN COMCRETE

Water in concrete has several types
of binding. Apart from chemically bound water and free
water, concrete : also contains adsorbed water with
variable degrees of binding and this energy of binding
is probably closely related to the pore csize
distribution.

Fewet ted water in a dry and rewetted
cancréte . has a wery weak binding energy and
ic closely similar to free water. The binding energy
does not depend on how long thecomﬁeté hase been immersed
in water.

#fter the concrete has been exposed to &
thermal cycle, absorbed water in & moist-cured concrete

, has a different characteristice compared with
the original water content of the paste. The absorbed
water has a reduced binding energy somewhere between the
binding energy of the original evaporable water and the
rewetted water in the rewetted concrete.

Since both rewetted samples and the
recoaked moist-cured concrete camples have chown &
permanent expansion, after thermal cycling, it is

concluded that the absorbed water ie responsible for the
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permanent expansiaon.
Collecting together all  the experimental
results, it iz possible to produce a simplified

cl

[l

ssification of the different types of water and their
binding energy in contrete. Figure é.1 plots
binding energy against evaporable water content. Three
Block . lines are drawn to indicate the different
dietributions of water content with binding energy
suggested from the results between moist-cured, rewetted
and resocaked samples. In all cases, about 254 of the
evaporable water is more strongly bound and ie only
released at 188 °C; this water is not responsible for
dilation on cooling, or for the permanent expansion
after thermal cycling. The absorbed water with low
energy of binding, appears to be largely Pesponsible.for

thermal strain effects in fully cured concrete,



. Evaporated at 100°C only
N
6 1.
|
5L adsorbed water '-!
in moist-cured \ l
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Figure 6.1: Schematic classification of water

in concrete.

1 - free water.
?2 - absorbed water in rewetted concrete.

3 - absorbed water in resoaked moist-cured concrete.

4, 5, and 6 - adsorbed water.-
7 - adsorbed water; similar to interlayer water in

clays. Only evaporate at 100°C
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COMCLLSIONS

Rewetted water in a dry and rewetted concrete
has a different characteristic to the

physically adsorbed water in & moist—-cured concrete,

The rewstted water freezes at higher temperatures,
just below 8°C.

Water in a moist-cured concrete freezes over
& temperature range between 8% and -45°C.

734 of the evaporable water in a saturated
moist-cured concrete is evaporable in a low
humidity condition at 26°C.

The evaporable water which ewaporates in a low
humidity condition is the cause of the large thermal
strain suffered hy = saturatfd fully moist-cured
concrete.

Water in a cancrete with 6.380 water— cement
ratio is not evaporable in & low humidity condition,
unlike higher w/c ratios,

Exposing a moist-cured concrete to a cooling
cycle ma} change ite internal structure.

Water absorbed into a moist-cured concrete sample:

after the sample has been exposed to a thermal cycle,
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. causes the permanent expansion that is observed
éfter a further cocoling cycle.
?. The original water in a moist-cured concrete
has the strongest bound energy‘ among the wvarious
levels of binding of physifa]ly adeorbed water.
18. Moist-cured concrete samples . hawve a small
contraction between @ °C and -18°C. It is only
below -18°C that expansion effects dependent on the

degree of saturation are revealed.
7.2 FINAL REMARKS

These conclusions are based on a limited number of
sampl es, ueing ane type of aggregate, when the
reproducibility of experimental results has been a major
target in the development of the experimental
techniques. They provide further information in gaining
an understanding of the use of conventional concrete as
a cryogenic material. The conclusions require additional
studies to be carried out on different types of concrete

before they can be applied for general use.
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16 APPENDICES
16.1 APPENDIX A
DERIVATION OF J, gFROM TURNBULL & FISHERC(4 1)

Lety and yg be the chemical potentiales per
molecule in supercooled water and ice recspectively. The
supercocled water molecules come together in  an  ice
embryo, has volume v and <surface area &. Then the free
energy GLS of thé syetem is increased by an amount

below:

AG g = nglug-u)v + 0 gA €18.1)
where,

ng ie the number of molecules per unit volume of ice.
OLSis the interfacial free energy between the water and
ice.

Since the chemical potentials is given as,

U ==kT 1n p (16.22

where p is the saturated vapour pressure. Thué,
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Hg=H = -kT ln(pL/pS) (18.3)

where, PL and pg are the saturated wvapour pressures over
the surtaces of water and ice at temperature T
respectively. K is the Boltzmann‘e constant. If shape of
the ice embrvo ie taken to be epherical with radius r,
the wvolume and the surface area can be written as,

ﬁﬁrsa and 4ﬂr26 swhere ¢ and g are numerical factors
and have & wvalues of vgreater than wunity because
considering that the embryc 1is not a perfect sphere.
Theretore, equation 18.1 becomes,

= - Lyp3 2
A6 g = = grrlangkT Lnlp /pg)+4nr?Bo, g (10,4

or é%LS= A i2/3- B i (10.5)
where i is the number of the water molecules in the ice
embryo and AQ and BO are gquantities reltated to the
surface free energy of ice-water interface and the bulk
free energy difference between supercooled water and ice
respectivel y.

The variation of the total free energy

which is given in equation 18.5 is shown in figure 2.2.
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From the figure, the radius at the energy barrier AG. ics

B

PB. Thue the critical radius where aGLS/aP =8 is,

ry = 2801 5 €18.48)

anSlen(pL/pS)
16703 cE
and  AGy = ~ , (10.7)
3{n5len(pL/pS)}
where & = g3/q2

From statistical mechanics, the number of
water molecules forming ice embryos of critical size per

unit volume of liquid is given approximately as,
AG '
n(r ) = n exp(- —B) (18.8)
B L kT -

where nL ie the number of molecules per unit volume of
liquid. In order that ice nucleation to take place, the
ice embryo has to take further water molecules to
achieve the «critical size and pass over the hump in
figure 2.2. It has been shown that(41), the rate of
molecules joining the embryo in order to pass the hump
is approximately equal to,

ﬁl exp(-éﬂ )
h kT

where h ie Plank’s constant and 4Ag is the activation
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energy of water molecules to pass through the water-ice

boundary. Therefore, the nucleation rate J[S of ice

embryo which can grow spontanecusly is given as below:

np kT A AG
s = —— exp(- 29y exp (- 228, (18.9)
h KT kT

J



227

1.2 APPENDIX B

FREEZING OF WATER DROPLETS MODELS FROM HOBBS(Z29)

THE STATISTICAL MODEL
The probability of nucleation occuring in
volume ¥ within the time interval t to t+dt is VUJ (T)dt,

LS
where J (T) ie the rate of nucleation from equation 18.9

at temgéiature T. The rate of nucleation can be taken as
equal to the rate of freezing JF(T).

Suppose, we have N of identical drops with
volume ¥  and all at the same temperature. If from time

t=6 to time t, N water drops have frozen, then the

probability of nucleation takKing place in volume V is,
P(V,t) = N¢/N (10.16)>

The numbers of drops nucleated within the time from 8 to

t+dt is,

Nt+dt = Nt + (N-Nt)VJF(T)dt (18.11)

If we divide equation 18.11 by N,
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P(V,t+dt) = P(V,t)+{l-P(V,t)}VJF(T)dt (18,1
Since,

P(V,t+dt) = P(V,t) %Z(V’t)dt

Therefore,

d

EtP(v,tkm= {1 - P(V,t)}V3I(T)dt . (18.13)

Integrating equation 16.13,

In{l = P(V,t)} = - J¥3_(T)de (18.14
0

If the probability of nucleation is emall (P{{1),

t
P(V,t) =V, JIdt (18.15)
(o)

I+ the rate of cooling Bc=dT/dt ie constant to time,

TS
fa_dt (1@.16)
J°F

c

therefore, P(V,t) =

™ | <

where Ts is the supercooled temperature. I+ we write the

integral part of equation 18.16 as below,

Ts
OIJth =D exp(TS/TO) | (18.1?2)
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then, P(V,t) = 2V exp(T_/1,) (18,18

c

where D and Toare constants. The probability of freezing
per degree drop in temperature for a cooling rate Bcat a
supercooling Tg is,

d 1 dN EV

= PV,t) = - = — = — exp(Tg/1,) (18.19
dTs N dTs Be

where E= D/ 1,

By integrating equation 18.1% and N=Njat Tg=8, then,

Vo, Ts

N
In(- In— ) =1 (18 .28)
NO Bc TO
THE SINGUL~AR MODEL
This mode acssumes that every drop

nucleates at & temperature determined by the most
effective ice nucleus it containe and accordiné to the
model, no freezing events would occur at a fixed
temperature. If the concentration of ice nuclei which

become effective between 8°and —TgC ie n(T.), then we

assume that n(Ts) is given by,
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n(Tg) = ngexp(Tg/t,) ¢1e.2D

If a drop containe & random dietribution of ice nuclei,
the probability P(Tg> of water drops freeze while being

cooled to —Ts is giwven by Poisson statistic as,

N
P(Ts) =1 - N 1~ exp{-n(Tg)V} (18.22)
)
Hence,
N = Ny exp{- noVexp(Tg/ty)} (18.23
or, 1n(- ln% ) = 1n(ngV) + Tg/1g (18.24
o _
CONSTANT & and b
The constants a and b are empirical

conetante. Where Hobbe(2?) has mentioned that,

a=1/T, (18.25)

where tois a parameter which charaterizes the nucleating
ability of the ice nuclei and it can be found in
equatione 10.18, 186.28 or 18.24. While the value b is
related to the constant term of equations 10.20 or

1a.24.
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18.3 APPENDIX C

CALCULATION OF T FROM & LINE-WIDTH FROM SELIGMANNCZ28)

Theoretically, the shape of an  NMMR
absorption line ie giwven by Lorentz formula,

Fly) = 212 (18.26)

1 - 472 (v=v,)2T2

where ¢ v) ie the absorption at freqUEHCf Ve«eyyie the
frequencv for maximum absorption and T2ie the transverse
relaxation time, is defined as cane half the maximum
intensity <(atv =y,) for the normalized curve. i.e. for
an amplitude adjustment to give wunit area under the
‘curve. Then,

X
Sf(v)dy =1 (18.27)

-X

a condition that is satisfied by equatiqn 16.246. This

formula can be derived from & semiclassical approach;

quantum mechanice does nat yvield a definite line shape.
However, experimental 1line shapes do not

usually conform to this theoretical shape. The shapes of

observed linee tend to lie between the Lorentz shape and
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the Gaussian shape, which in this context may be written

as follows:
f(v) = 2T2exp{-4ﬂ(v-v0)2T:} (18.28)

In the following derivation it is €hown
that both curves lead to the same order of magnitude T2,
within the limits required for the present purpose of
comparison with experimental data.

As indicated in chapter 3, MMR instruments
measure the absorption as & funcition of magnetic field
strength at a constant frequency, rather than as a
function of frequency as in equation 18,28, The relation

between the two is given by a simple proportionality,
v = —H (1a.2?)

where H 1i& the magnetic field strength and vy ie =&
constant Known as the gyromagnetic ratio which
represents the ratio of the magnetic moment of a
spinning particle to ite angular momentum.

The broad line instruments do not display
the absorption curve directly but only ite derivative.

The result is shown in figure 18.1. From equation 10.2%
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and the line-width AH, therefore theoretical line width

ie given as belaw.

Av = LAH (18.38)
2m

where vy is & constant. Thus the line width are

expressible either in magnetic field or frequency units.

The measured quantities muet now be related

to the theoretical curves. The experimental peaks

represent the pointe at which the derivative 1ig a

maximum or minimum. In terms of the parent absorption
curve, these points are the inflection points, their
location can be determined by setting the <second

derivative of the parent curve equal to zero. This

gives, for the Lorentz shape,

1
v, =V (18.31)

m o - 2nT2/§
where the v, are the frequencies at which the inflections

accur. Then the line width, Av in frequency unit is,

1

(18.32)
'ITsz/-;

Av = 2(v,=v,) =

and the desired relaxation time in terme of the line
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width is,

T. = 1
2 T TAv/3 (18.33

For the Gaussian shape, with a similar method, will

give,

v.o=y £ —1 | (18.34)
m o  2T,/27W

The line width iz then,

1
Av = 2(y =v, ) = 275 (16,35
1
and T, = — (18.3&)
Av/2m
These results must still be expressed in
unit ot AH, the measured magnetic field width.

Substitution of equation 18.38 into equation 18.33 and
-1 _

18.36 together with the value of 2.47x18%gauss sec *fory,

protons yield of the Lorentz shape.

2m 2 4,33X107°

T = TY/35H  YAR/3 AH (18.37>

and for the Gaussian shape,
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2 /2T 9.39X10°°5
T, = —1 =Xl X10 (10.38)
YAH/ZT  YAH AH

The average of equationes 18.37 and 16.38 is given below;

6.86X10"°

T, =
2 AH

which is the value used-in equation 3.5.
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16.4 APPENDIX D

THERMODYHNAMIC RELATIOM BETWEEN c, and c

p (reference 81)

\%

The specific heat at & constant pressure p
and the specific heat at a constant volume c are equals

to (gH/ BT)p and < 33U/ aT)v respectively. It seems

reasonable to start with the definition of enthalpy:

H = u(+ PY ' : €18.39
and on differentiation,

dH = du + PdV + VUdP ‘ (18.48)
If we divided the above equation by dT,

(dH/dT) = (dU/dT)+ P(dW/dT) +V(dP/dT) (16.41>
Placing the restriction of constant pressure we have,
(8H/8T)p= (8U/8T)p+ P(BU/BT)p (10.42)

We are interested in (BU/BT)V, g0 it will be necessary



237

to eliminate (BU/BT)p in favour of (BU/BT)V . To do this

let us express U=+, T), thus,
du = (BU/BT)TdU + (QU/9T) dT (18.43
Dividing through by dT and Keeping P constant, we find,

(18.44)

(3U/8T)p= (8U/3U)T(8U/9T)p + (BU/BT)V

Substitution of equation 186.44 into 16.4Z2 vields,

(3H/3T)p= (BU/BT)V+ ((BU/SU)T,+ PY (3V/3T) (18.45)
p

or e, = ¢, + CCoU/ATY ¢ + P>(3U/8T)p (18.48)
Experimentally, one can measure P and (SV/BT)p quite
easily, but it is generally more difficult to obtain the
change of internal energy with volume at conestant T,
(BU/aU)T . Therefore, let us attempt to expreses this
quantity in terms of more readily available quantities.

By expressing U=+(T,V) we find,

du = (BU/aT)VdT +(9U O\ paV (18.47>
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For a reversible process,

du

Tds - PdV (18.48)

and subtracting equation 18.48 from 16.47 we get,

_Ly 1
ds —T.( ). dT + -T-((

22
oT Vv

+ Py dV .
ov' T (18.49)

Equation 18.4% 1is expressed in terms of dT and dV. Let

us now expand S=+{(T,V).

ds = (aS/aT)VdT + (BS/BV)TdV (18.58)>

By comparison of coefficients in equation 18.49 and

18.58, we see that,

(3Sf3T)V‘= (I/T)(BU/ST)V (16.51)
38 _1,,0U
and (5—\7)T = T{(W)T + P} (18.52)

The second derivative of equation 186.51 with respect to
volume at constant temperature and the second derivative
of equation 18.52 with respect to temperature at -

constant volume are equal since
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92s 528
= (18.53
aTaoV avaT
2 ,8S8 1 5% ,3U
and therefo —(— = = o (——
efore av(aT)v T av(aT)v
9 ,aS _ 9 ,1,,0U
and -5—(—8—\7)-'- = ﬁ{T((W)T+ P)}
In view of equation 16.53 we get
13 ,3U
=22 =& v
T aV aT Vv oT T v T J
21 2
and L7V _ 1,370 3Py, 1.3V
T avaT T aTaV 2T V T=3v T
Thus {(33) + P} = T(——) (16 .54
oV T oT VvV

In this way, we have eliminated (QU/3W T in favour of
(BP/BT)V s which by experience we Know can readily be
expressed in terms of eacsily measurable quantities. Thus

V=f(P,T) and,

dV = (BU/BP)TdP + (80/8T)PdT

Dividing this expression by dT and holding V constant

yields,
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B = (9VW/9P) _(3P/3TY  + (J3W/3T
{aV/9 T aP/3 Y v/ 9 p

Since the volume thermal expansion coefficient o , of a

substance is defined as,

1,0V,
= 3457

Q
i

and the compressibility B is defined as;

— 1,3V
B = V aP'T
we have (OP/ATIy = a/B

Substituting equation 18.55 into equation

thence into equation 18.46, we have,

(10.35

18.54 and

(10.5&



