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ABSTRACT

The AC impedance spectroscopy (ACIS) is an electrochemical technique used to characterize
materials in various research fields owing to its non-destructive nature. The ACIS, accordingly,
appears to have a potential as a non-destructive technique to investigate the durability of cement
paste. An understanding of the mechanism of frost action occurring within cement paste, a key
binding component of concrete, is necessary to improve the durability of concrete with respect to
freezing and thawing, particularly where the winter is severe. In addition, the research on the
effectiveness of the wollastonite micro-fibres, a cost-effective naturally occurring calcium
silicate, as a reinforcing material to improve the durability of cement paste is demanded due to

worldwide concemns of material shortages.

Three primary objectives in this study are to further the understanding of the mechanism of frost
action within cement paste subjected to freezing and thawing, to investigate the potential of the
ACIS as a new technique to determine the durability of cement paste with respect to freezing and
thawing and to investigate the durability of the wollastonite micro-fibre reinforced cement paste

to freezing and thawing.

The ACIS elucidated and provided the further understanding of the complex microstructural
behaviour and mechanism of frost action within cement paste subjected to freezing and thawing,
including the difference in freezing mechanism of water in the capillary and gel pores. The
investigation of the potential of the ACIS as a durability indicator was also accomplished. A
comparison between the ACIS and the length change measurement of cement paste subjected to
freezing and thawing ensured the effectiveness of the ACIS as a possible technique to determine
the durability. Finally, the improvement of the durability of the wollastonite micro-fibre
reinforced cement paste to freezing and thawing was acknowledged in some conditions. The
cement paste specimens containing 10.2% wollastonite micro-fibre content by volume were more

durable than those without wollastonite micro-fibre content, particularly for the higher wic ratio.
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CHAPTER 1

INTRODUCTION AND OBJECTIVES

1.1 Introduction

It is desirable that every concrete structure withstand the damaging effects of the environment for
an expected period of time. This is often referred to as the durability of concrete. Durable con-
crete maintains its quality and ensures the serviceability of the structure when it is exposed to the
environment. Inadequate durability can lead to costly maintenance and rehabilitation of the whole
structure. In countries such as Canada where the winter is severe, the freezing and thawing proc-
ess can become one of the most critical problems regarding the durability of concrete. An under-
standing of the mechanism of frost action occurring within cement paste, a key binding compo-
nent of concrete, is necessary to improve its durability with respect to freezing and thawing. The
addition of micro-fibres to cement binders as reinforcing materials has been the subject of inten-
sive research to improve the durability of cement paste. The use of the wollastonite micro-fibres,
a naturally occurring calcium silicate, is of special interest particularly where a material shortage

is an issue.

Even though there has been considerable research on this subject, the mechanism of frost action
within cement paste is still not completely understood as it involves various phenomena occurring
simultaneously. Furthermore, the current standard procedure for examining the durability of con-

crete with respect to freezing and thawing is a destructive method based on the limited conditions.
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The AC impedance spectroscopy (ACIS) is an electrochemical technique used to characterize
materials in various research fields owing to its non-destructive nature. The ACIS, accordingly.
appears to have a potential as a non-destructive technique for investigating the durability of ce-
ment paste. The ACIS measures the response of current flow to an applied sinusoidal voltage
perturbation as a function of frequency and provides valuable information that reflects the
changes in the system due to freezing and thawing. The changes in electrical resistance of the po-

rous materials and the nature of the solid-liquid interface in these materials are of particular inter-

est and value.

This thesis extends the work on the ACIS initiated at the National Research Council Canada. It
will discuss and demonstrate the potential of the ACIS as a new technique to investigate the dura-
bility of cement paste with respect to freezing and thawing. It will also discuss the interpretation
of the microstructural behaviour and mechanism of frost action within cement paste subjected to

freezing and thawing. Finally, the thesis will present the assessment of the durability of the wol-

lastonite micro-fibre reinforced cement paste to freezing and thawing.

1.2 Overall Objectives

The three overall objectives of this thesis are as follows;

1. To further the understanding of the microstructurai behaviour and mechanism of frost action
within cement paste subjected to freezing and thawing

2. To investigate and demonstrate the potential of the ACIS as a new technique for determining
the durability of cement paste subjected to freezing and thawing

3. To determine the durability of the wollastonite micro-fibre reinforced cement paste to freez-

ing and thawing



1.3  Experimental Methodology

1.3.1 The Coupled ACIS-TMA Experiment

In order to investigate the potential of the ACIS and its use as a possible technique to determine
the durability of cement paste to freezing and thawing, the ACIS was coupled with the Ther-
momechanical Analysis (TMA). The TMA measures the length change of a test specimen for the
desired temperature variation of a freezing and thawing cycle and provides information that is
often used as a durability indicator with respect to freezing and thawing. A comparison of the
ACIS measurement with the TMA measurement provides an effectiveness of the ACIS technique
as a durability indicator. A schematic description of the coupled ACIS-TMA experiment is illus-

trated in Fig. 1.1.

TMA Irrecoverable Expansion <,——> Durability

Total Expansion <C——,> Total Amount of Freezable Water

ACIS High Frequency Arc —I:Rz Resistance Ratio, Ar
Rt Valuable Information
C—> for Further
Depression Angle Parameter Understanding of the
Complex Mechanism
of Frost Action

Fig. 1.1 A schemctic description of the coupled ACIS-TMA experiment



The main goal of this coupled ACIS-TMA experiment is, as shown in Fig. 1.1, to link the “resis-
tance ratio, AR™ obtained from the ACIS measurement to the “irrecoverable expansion” obtained
from the TMA measurement. This procedure provides a basis for estimating the effectiveness of
the ACIS as a durability indicator. Then, the durability of the wollastonite micro-fibre reinforced
cement paste to freezing and thawing was investigated using the coupled ACIS-TMA experiment.

The specific objectives of the coupled ACIS-TMA experiment are as follows;

1. To investigate the relationship between the total and irrecoverable expansion, both obtained
from the TMA measurement, and the durability of cement paste

2. To determine the dependence of the “resistance ratio, AR™ obtained from the ACIS measure-
ment with the total and irrecoverable expansion obtained from the TMA measurement

3. To further the understanding of the microstructural behaviour and mechanism of frost action
within cement paste subjected to freezing and thawing through the use of the coupled ACIS-
TMA experiment

4. To investigate the durability of the wollastonite micro-fibre reinforced cement paste to
freezing and thawing

1.3.2 The DSC Experiment

The Differential Scanning Calorimetry (DSC) experiment was conducted to support the interpre-
tation of phenomena observed in the coupled ACIS-TMA experiment. A heat flow of a cement

paste specimen subjected to a freezing and thawing cycle measured by the DSC experiment pro-
vides valuable information on its microstructural phenomena and mechanism of frost action. The

specific objectives of the DSC experiment are as follows;

1. To provide the further understanding on the microstructural phenomena and mechanism of
frost action within cement paste subjected to a freezing and thawing cycle

2. To support the interpretation of phenomena observed in the coupled ACIS-TMA measure-

ment



CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

2.1 Portland Cement

2.1.1 Chemical Composition of Portland Cement

Portland cement is defined as, “a hydraulic cement produced by pulverizing clinker consisting
essentially of hydraulic calcium silicates, usually containing one or more of the forms of calcium
sulphate as an interground addition.” (ASTM C150). Raw materials used in the manufacture of
Portland cement consist mainly of four oxides: lime (Ca0), silica (SiO, ), alumina (Al,05 ) and
iron oxide (Fe,0; ). Mixtures of these oxides react with each other in a kiln, resulting in the for-

mation of four primary compounds often regarded as the major constituents of Portland cement.

They are listed in Table 2.1 with their chemical formulae and abbreviations.

Table 2.1 Main compounds of Portland cement

Constituent Chemical Formuila Abbreviation
Tricalcium silicate 3Ca0 -SiO, CsS
Dicalcium silicate 2Ca0 -SiO, C,S

Tricalcium aluminate 3Ca0 - Al ,0, CsA
Tetracalcium aluminoferrite | 4CaO - Al,0; -Fe,0, C,AF

These four compounds account for approximately 90% of the cement mass. Gypsum (4% to 6%)

and other minor compounds make up the remainder. The chemical composition of the four major




compounds present in the industrial Portland cement, however, is not exactly identical to that

shown in Table 2.1. All four contain a small amount of other oxides such as MgO, Na,O and

KO as impurities.

2.1.2  Hydration of Portland Cement

The hydration of cement involves a number of chemical reactions that occur instantaneously and
continue over a long period. Each of four main compounds, C;S, C,S, C;A and C,AFhas a

different reaction and function with respect to the hydration process.

2.1.2.1 C;SandC,S

The hydration of the calcium silicates, C3S and C,S, results in the formation of a calcium sili-
cate hydrate (3Ca0-SiO, -3H,0). In general, it is assumed that the approximate composition is
C;S,H; upon the complete of hydration. It is often referred to simply as C-S-H, because the

chemical composition of the calcium silicate hydrate varies widely with factors such as age, tem-
perature and water/cement ratio. It should be noted that the notation, C-S-H, itself does not imply

any particular composition or structure. The reactions of the hydration of C;S and C,S may be

expressed approximately by the following equations. For tricalcium silicate, C5S,

2(3Ca0 -Si0, ) + 6H,0 — 3Ca0 - Si0, - 3H,0 + 3Ca(OH), @.1)

For dicalcium silicate, C,S,

2(2Ca0 - Si0, ) + 4H,0 ~» 3Ca0 -SiO, - 3H,0 + Ca(OH), 2.2)

The resulting hydrate, in general, is poorly crystalline and produces a porous solid that is consid-

ered as a rigid gel.

The properties of C;S are similar to those of Portland cement. The initial setting takes place

within a few hours after the addition of water and the paste hardens rapidly. Generally, the early



strength of Portland cement is greater with an increase in the percentage of C;S. The C,S com-

ponent, however, gains compressive strength slowly and gradually for several months. Its ulti-

mate strength is similar to that of C;S.

2.1.22 C;A

The hydration of tricalcium aluminate, C; A is almost instantaneous and can lead to immediate
setting and stiffening of the paste, known as flash set. The immediate setting may reduce the
workability of concrete mix for most construction purposes. Gypsum, CaSO, -2H,0 is added to
prevent this and to delay its setting time. The immediate reaction between C;A and gypsum pro-

duces needle-like crystals of a high-sulphate calcium sulphoaluminate,
3Ca0- Al,05 -3CaSO, -31H,0, referred to as ettringite. The formation of an ettringite layer on

the surface of tricalcium aluminate results in a delaying effect of the immediate setting. The hy-
dration of the calcium silicates becomes the dominant influence on the setting of cement. Ettrin-
gite continues to form while.the sulphate ions are present in the solution. This generally occurs in
the first 24 hours after the addition of water. Once the sulphate ions are removed, further reaction

of C;A with water converts the ettringite to the low-sulphate calcium sulphoaluminate,

3Ca0- Al,05 -CaSO, -12H, 0, referred to as monosulphate.

2.1.2.3 C,AF

C,AF reacts with gypsum and Ca(OH), to produce needle-like crystals of a solid solution cca-

sisting of high-sulphate sulphoaluminate and sulphoferrite phase. The hydrates fill the spaces
between cement particles. A schematic description of the hydration process with respect to time is
shown in Fig. 2.1 (Soroka, 1979).

A dormant period, caused by the formation of a thin layer of ettringite on the C;A , lasts about
one or two hours. Hydration products in this period are mainly Ca(OH), and ettringite. At the end

of the dormant period, the C-S-H gel starts to form and fill in the spaces. As the volume of solids

increases, the porosity of the paste decreases as shown by the dotted line at the top of Fig. 2.1.
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Fig. 2.1 A schematic description of the hydration and structure development of cement

paste

2.1.3 Pore Structure of Hydrated Portland Cement Paste

2.1.3.1 Capillary and Gel Pores

Properties of hydrated cement paste are often determined by its physical structure rather than its
chemical composition. Fresh cement paste is a plastic network of small gel particles which are
mainly hydrates of the calcium silicate with some aluminates and ferrites. There are water-filled
spaces between those particles called capillary pores and the water in the capillary pores is called
capillary water. There exists water-filled spaces in the gel itself, called gel pores and the water in
the gel pores is called gel water. Figure 2.2 shows the simplified diagram of paste structure with
both capillary and gel pores (Powers, 1958). Solid dots represent gel particles; interstitial spaces

are gel pores; spaces marked with “C” are capillary pores. The size of gel pores is not to scale.



Fig. 2.2 Simplified diagram of paste structure with capillary and gel pores

The size of gel pores is approximately 1 nm to 10 nm and that of capillary pores is 10 nm to 100
nm. The gel pores are formed interstitially because of the colloidal characteristic of the C-S-H gel
particles. The capillary pores are the remnants of the original water-filled spaces that have not
become filled with gel. Therefore, capillary porosity decreases as the hydration takes place. The
capillary porosity, at any stage of hydration, depends on the proportion of water to the amount of

unhydrated cement.

2.1.3.2 State of Water in Hydrated Cement Paste
Water exists in cement paste in various forms. Four different types of water present in cement
paste have been described (Neville, 1995). These can be grouped into two categories, evaporable

water and non-evaporable water as shown in Fig. 2.3.

Total Water Content
Capillary Water
Gel Water (Adsorbed Water) Evaporable Water
Interlayer Water
Chemically-Bound Water } Non-Evaporable Water

Fig. 2.3 Different types of water present in cement paste
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The evaporable water is defined as the water which evaporates upon drying at a temperature of
105°C. Evaporable water includes capillary water, adsorbed water and interlayer water. Capillary
water is free water which is present in capillary pores where the surface forces associated with the
gel particles of the paste does not interfere. Gel water, on the other hand, is the water held by the
surface forces of the gel particles since the gel pores are small. It is sometimes referred to as ad-
sorbed water. Interlayer water, introduced by Feldman and Sereda (1968), is the water held in the
layered structure of the C-S-H gel particles. Figure 2.4 diagrammatically shows how water is

physically adsorbed and intercalated between the layers of the C-S-H gel particles.

Physically
adsorbed
water

C-5-H sheets

interiayer water

interparticie
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: = Oo000 »x
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Fig. 2.4 Microstructure of the C-S-H gel particles

The non-evaporable water is the water which can be removed by drying over a very high tem-
perature range, usually from 105°C to 1050°C. The non-evaporable water in cement paste is con-
sidered to be the chemically-bound water. The chemically-bound water is the water which is
chemically combined in the hydrated cement compounds. The amount of non-evaporable water,

therefore, increases as hydration proceeds.

2.2  Wollastonite Micro-Fibres and Micro-Fibre Reinforced Cement Paste

2.2.1 Introduction

The study of micro-fibre reinforced cement paste has been intensified in recent years, owing to

the dramatic improvement of the brittle behaviour and relatively low tensile strength of concrete.
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Fibres added to concrete provide a means of arresting the crack growth and increasing the tensile
strength (Beaudoin, 1982). Reinforcing materials are often made of steel, glass and polymer.
However, because of worldwide concerns of energy and material shortages, the use of natural and
mineral fibre reinforcing materials has been the subject of intensive research. The potential of
wollastonite micro-fibres, a naturally occurring calcium silicate, has therefore attracted the atten-
tion as an effective reinforcement in a Portland cement-based matrix. The use of wollastonite mi-
cro-fibres has been also studied as a primary replacement of asbestos in fibre reinforced concrete.

The hazardous characteristics of asbestos have been a worldwide concern.

2.2.2 Mineral Characteristics of Wollastonite

Wollastonite is a naturally occurring calcium silicate, CaO -SiO,, and is generally available in

the shape of acicular particles of mixed particle cize for commercial applications. A Scanning
Electron Microscope (SEM) photomicrograph of wollastonite micro-fibres is shown in Fig. 2.5.
The transverse dimension of the individual particle can vary from about 10 to 100 um and the
length can vary from about 0.05 mm to 2.0 mm (Low and Beaudoin, 1993). It forms from the in-

teraction of limestone that contains calcite, CaCO;, and silica, SiO, . at a high temperature, usu-

ally in hot magmas. The reaction can be expressed as follows:

Silica Calcite Wollastonite Carbon Dioxide
Si0, + CaCO; = CaOSi0, + Co, (2.3)

The density of wollastonite is 2840 kg/m?. Its temperature coefficient of linear expansion is
11.8x107® 1/°C. Wollastonite exists in two forms, B - CaO - SiO; and a - CaO-SiO,. The
p - CaO -Si0, is wollastonite which occurs in nature. The mineral wollastonite is stable up to
1150°C. The o -CaO -SiO, is a form of wollastonite which is stable between 1150°C and

1540°C and is termed pseudowollastonite. It does not occur in nature but has often been found in
melts and slags. In this thesis, the term “wollastonite” refers to the mineral wollastonite,

B - CaO -SiO,, unless otherwise noted.

The history of the industrial use of wollastonite micro-fibres is rather short. No appearance in the

industrial market occurred until 1950. However, wollastonite made some impact on the industrial
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market, when it was discovered that the addition of wollastonite micro-fibres improved the prop-
erties and increased the strength of a tile. Since then, research has been continuously carried out
in the ceramic industry and other industries including plastics, asbestos products, metallurgy and
paints. In 1999, the total amount of wollastonite utilized worldwide was estimated to be between
575,000 t and 625,000 t. The major deposits are located at New York and California, U.S.; Que-

bec, Canada; China; Mexico and Finland. The percentage of wollastonite use in various industries

is as follows: plastics (37%), ceramics (28%), metallurgy (10%), paints (10%), friction products
(9%) and miscellaneous (6%). (Virta, 1999).

Fig .2.5  SEM photomicrograph of wollastonite micro-fibres

2.2.3 Wollastonite Micro-Fibre Reinforced Cement Paste and its Properties

In addition to addressing environmental concerns, the use of wollastonite micro-fibres as a rein-
forcing material in cement products may be more cost-effective than the use of steel or carbon
fibres. Therefore, systematic investigations of the potential use of wollastonite micro-fibres as a
reinforcing material have been conducted by Low and Beaudoin (1992, 1993 and 1994). The pri-
mary objective was to determine the effect of various factors affecting the properties of wollasto-

nite micro-fibre reinforced cement paste.
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2.2.3.1 Flexural Strength and Toughness

The flexural strength of wollastonite micro-fibre reinforced cement paste with various amounts of
wollastonite and hydration periods was determined using a three-point loading method. Figure 2.6
shows the flexural strength versus the wollastonite content by volume (Low and Beaudoin, 1992).
The flexural strength of the wollastonite micro-fibre reinforced cement paste was observed to
vary from 10 MPa to 23 MPa based on the wollastonite content and the hydration period. The
hydration period does not appear to significantly affect the flexural strength. A relatively linear
increase in the flexural strength with wollastonite content, however, can be observed for levels of
reinforcement between 2% and 11.5% by volume. A wollastonite content greater than 11.5% re-

sults in a slight reduction of flexural strength. This behaviour can be observed at any stage of hy-
dration.
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Fig. 2.6  Flexural strength of wollastonite micro-fibre reinforced cement pastes versus

content of wollastonite micro-fibres

In addition to the flexural strength, one of the primary reasons to add fibres to concrete is to im-
prove its energy-absorbing capacity, or its flexural toughness. Low and Beaudoin (1994) investi-
gated the effect, on the flexural toughness, of wollastonite micro-fibre addition to cement paste
with different contents of silica fume. The flexural toughness was estimated from the area under
the load-deflection curve. The relative toughness, defined as the ratio of the toughness of the
composites specimen to that of the basic matrix, is a meaningful index. Figure 2.7 is a plot of the
relative toughness of the wollastonite micro-fibre reinforced cement pastes with silica fume. Al-
though the effect of wollastonite micro-fibre reinforcement was significantly enhanced by the

increase in silica fume content, the wollastonite micro-fibre addition to the plain cement paste

itself increases its flexural toughness.



14

12
w/s=0.35 L
Q101  age=28 days ,-’,p
Egql p»/‘:a -4~ s.f. =0%
2 -~ '8 0O ®-s50.=5%
[26. - o -
o o S - - s.f.=10.2
s g’ %
B4r oPe e -0- sf.=17.6
2.} 45
A
o— .2, . ..
o 4 10 12 14

2 6 8 16
Content of Wollastonite fibres (vol%)

Fig. 2.7  Relative Toughness of wollastonite micro-fibre reinforced cement pastes versus

wollastonite micro-fibre content

2.2.3.2 Porosity and Pore Size Distribution
Gu et al. (1993) characterized the porosity and pore size distribution of wollastonite micro-fibre

reinforced cement paste by mercury intrusion porosimetry. Table 2.2 provides the total porosity
values of cement pastes of w/c ratio 0.35 with different amounts of wollastonite micro-fibres hy-
drated for 1 day and 21 days. It is noted that the porosity of cement paste with 0% wollastonite is
lower than that of all other wollastonite micro-fibre reinforced cement pastes for 1 day hydration.
It is however higher for the 21 days hydration. Gu et al. (1993) argue that the transition zone at
the interface contributes more significantly to porosity at early hydration times. The interface be-

comes dense at later ages. Its contribution to porosity is then much less significant.

Table 2.2. Total porosity of wollastonite micro-fibre reinforced cement pastes determined

by mercury intrusion porosimetry

Hydration Wollastonite Content: %
Period 0 5 10 15
1 day 31.50% 32.48% 34.14% 33.32%
21 days 24.79% 22.81% 23.28% 22.21%

The pore size distribution of cement pastes hydrated for 21 days with different amounts of
wollastonite micro-fibres is shown in Fig. 2.8. The addition of wollastonite micro-fibres does not
affect the pore size distribution of cement paste significantly for the pore size range between 0.01

pum and 0.1 pm. However, it does affect the pore size distribution in the pore size range greater



than 0.1 um. The cement paste with 15% wollastonite content seems to have higher percentage of
pores greater than 0.1 um, while the cement paste with no wollastonite content does not contain a

high percentage of pores greater than 0.1 pm.
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Fig. 28  Pore size distribution of wollastonite micro-fibre reinforced cement pastes

2.3 Frost Action

2.3.1 Introduction

Durability of cement paste exposed to different conditions has been studied extensively. It is of
special interest for the Canadian construction. The resistivity of cement paste exposed to freezing
and thawing conditions in cold climates is one of the major factors that determines the service-life
of concrete. An understanding of the mechanism of frost action within cement paste is necessary
to improve its durability under freezing and thawing conditions. However, it is still not com-
pletely understood as the complex mechanism of frost action involves various phenomena that

occur simultaneously.
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2.3.2  Mechanism of Frost Action

Water expands 9% in volume when it freezes. The water in the pores of cement paste also ex-
pands its volume when the cement paste is subjected to freezing. When the pressure associated
with this volume expansion, known as a hydraulic pressure, exceeds the tensile strength of the
cement paste, it creates the damage. This is the basic cause of freezing and thawing damage of
cement paste. However, there are two phenomena which occur simultaneously and greatly affect
the mechanism of frost action. These two phenomena are the depression of freezing and melting
temperature of pore water and the migration of water within cement paste during the freezing and

thawing.

2.3.2.1 Depression of Freezing and Melting Temperature

Pure water freezes at 0°C at 1 atmospheric pressure and melts at the same temperature. However,
the water in a porous material, such as cement paste, does not freeze at a normal freezing tem-
perature, but remains as a supercooled water until the nucleation of ice initiates at a much lower
temperature. This depression of freezing temperature of the pore water becomes greater as the
pore size decreases. Helmuth (1960), based on Kelvin's equation, developed the following equa-

tion to obtain the depression of freezing temperature with respect to the pore size;

2
T, =Ts ex;{ - M] (2.4)
rs Qn pi

where T, = fusion temperature of ice crystal, °K
Ts =273°K
ciw = interfacial energy between ice and water, dynes/cm
M = molecular weight of water, g/mole
rs = pore radius, A

Qn = molar heat of fusion, cal/mole

pi = density of ice, g/cm3
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There are several approaches suggested in different studies to calculate the depression of freezing
temperature in terms of pore size. Higuchi (1968) modified Eq. (2.4) by using the surface energy
of water instead of interfacial energy between ice and water and using the density of water instead
of that of ice. Figure 2.9 (Kou and Kamada, 1975) summarizes the published data relating freez-

ing temperature depression as a function of pore size obtained by different methods.
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Fig. 2.9 Freezing temperature depression obtained by various methods

The diagram shown in Fig. 2.10 is a well-known phase diagram of water. The boundary curve A
— D represents the temperature when the liquid phase changes to the solid phase at different val-
ues of pressure. This curve is, however, obtained based on the melting temperature, while the
freezing temperature can sometimes be much lower than the melting temperature; the water can
be highly supercooled without any crystallization of ice. Figure 2.11 illustrates the crystallization
temperature of highly supercooled water as a function of pressure obtained by Kanno et al (1975).
Tt and Tm represent the crystallization temperature and melting temperature, respectively. The
lowest crystallization temperature was measured as —92°C at the pressure of 2000 bar and even at
very low pressure, the water can be supercooled to —40°C. There is a large difference between

freezing temperature and melting temperature caused by the supercooled water.

Similarly, a relatively large difference between freezing and melting temperature of pore water
can be observed when a cement paste specimen is subjected to a freezing and thawing cycle.
Helmuth(1960) suggests that the supercooled water in the pores of cement paste only freezes at

temperatures corresponding to the formation of stable ice crystals. Once the supercooled water
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freezes, it does not melt until the temperature corresponding to the size of each particular frozen

capillary is reached. Accordingly this temperature is higher than freezing temperature.
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Fig. 2.10  Phase diagram of water
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Fig. 2.11  Crystallization temperature of highly supercooled water as a function of pressure
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2.3.2.2 Migration of Water

In addition to the depression of freezing and melting temperature, the migration of water
throughout the network of the pores is an integral part of the mechanism of frost action within
cement paste. There are two main theories, the hydraulic pressure theory in which water migrates
from where freezing occurs and the thermodynamic theory in which water migrates toward where
freezing occurs. The hydraulic pressure is basically caused by the 9% volume expansion of
freezing water, however, the mechanism of frost action will be discussed in terms of migration of

water.

The hydraulic pressure theory is based on the migration of water from where the formation of ice

occurs. This concept was first introduced by Powers (1945) and modified by Powers and Helmuth
(1953). Figure 2.12 is a similar diagram to Fig. 2.2 which shows the paste structure with capillary
and gel pores (Powers and Helmuth, 1953).
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Fig. 2.12 Paste structure with capillary and gel pores

As described previously, the formation of ice within the pores is dependent on the pore size and
nucleation of ice crystals becomes more difficuit as pore size decreases. Freezing initiates in
larger capillary pores marked “C” in Fig. 2.12. When the water in the capillary pores freezes, the
volume of water plus ice will exceed the original capacity of the pore, owing to the fact that
freezing of water results in about 9% increase in volume. Therefore as the water in the pores
freezes, the pores must expel the excess water into the nearest escape boundary. This is usually an
air void located in this case at the left in Fig. 2.12. The process of excess water being expelled
from the pores generates a so-called hydraulic pressure which puts the surrounding solid under

stress. If the stress is lower than the tensile strength of the solid, an elastic volume change takes



place. If the stress is higher than the tensile strength of solid, irrecoverable volume change occurs

and results in permanent damage such as cracking.

Thermodynamic theory is based on the migration of water toward where the freezing occurs.

In other words, when the water in the capillary pores freezes, the unfrozen water in the surround-
ing gel pores migrates toward the capillary pores. It is noted that the water in the surrounding gel
pores, which are smaller than capillary pores, freezes at much lower temperature. Therefore, as
freezing initiates in the capillary pores, the water in the gel pores remains as a supercooled water.
This leads to a thermodynamic disequilibrium between the ice in the capillary pores and the su-
percooled water in the surrounding gel pores. The free energy of the supercooled water becomes
higher than that of the ice. Then the difference in vapour pressure becomes significant. As a re-
sult, the gel water migrates into the capillary pores, the ice crystals grow and the pore matrix ex-
pands. This theory was first introduced by Powers and Helmuth (1953) and described in terms of

the diffusion of gel water.

This is similar to the description provided by Litvan. Litvan (1972) describes this migration of the
gel water into the capillary pores in terms of the decreasing relative humidity over the super-
cooled water. Relative humidity is defined as the ratio of the water vapour pressure present at a
certain temperature to the saturated water vapour pressure at the same temperature. In this case,
relative humidity is the ratio of the vapour pressure of bulk ice that can form in an air void or
boundary void at the temperature below the triple point to the vapour pressure of supercooled wa-
ter in the gel pore. For the same temperature, the vapour pressure of the ice is lower than that of
the supercooled water, and as the temperature decreases below the freezing point, the difference
between the vapour pressure of the ice and that of the supercooled water increases. Figure 2.13

shows how the relative humidity decreases with decrease in the temperature.

With the decrease in relative humidity over the supercooled water, due to an increase in differ-
ence between the vapour pressure of the ice and that of the supercooled water, the supercooled
water in the gel pores migrates into the capillary pores where the vapour pressure is lower than
that in the gel pores. The difference in the damage mechanism described by Litvan to that of

Powers and Helmuth is that the transport or migration of water itself is destructive. The Litvan

mechanism does not have to involve the formation of ice as a direct cause of damage.
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Powers and Helmuth (1953) also proposed the osmotic pressure which forces the gel water to mi-
grate into the capillary pores. Water in the capillary pores generally contains several soluble sub-
stances, such as alkalies, chlorides and calcium hydroxide. Water containing soluble substances
freezes at lower temperature than pure water; the higher the concentration, the lower is the freez-
ing temperature. This causes local increases in the concentration of the unfrozen portion of the
solution in the capillary pores, creating the osmotic pressure which impels unfrozen water in the
surrounding gel pores to diffuse into the solution of the frozen parts of the capillary pores. Powers
et al. (1954) investigated the effect of osmotic pressure generated by a change in alkali concen-
tration and concluded that its effect on freezing and thawing of cement paste was small. It might
become a major problem, however, when the osmotic pressure is generated by salt concentration,
usually originated from de-icing agents used to improve driving conditions in winter. An inten-
sive study for the effect of de-icing agents on freezing of cement paste was conducted by Litvan
(1975). The heavy usage of de-icing agents results in a serious damage which is known as salt

scaling.
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The hydraulic pressure theory was thought to be the dominant cause of frost action. This theory is
based on the movement of water from where freezing occurs, because the freezing of water is ac-
companied by a 9% increase in volume. However, the thermodynamic theory became as domi-
nant as the hydraulic pressure theory, since the same kind of destruction was observed even for
the cement pastes saturated with organic liquids that contract on freezing. Beaudoin and MaclInnis
(1974) observed the dilation of benzene saturated cement paste subjected to freezing. Litvan
(1972) saturated porous silica glass with organic liquids and also obtained the results which
showed an expansion. These results indicate that hydraulic pressure caused by the 9% increase in

volume is not the only cause of dilation of cement paste subjected to freezing.

2.3.3 Effect of Micro-Fibre Reinforcement on the Frost Action

There are only a few studies conducted to examine the effect of micro-fibre addition on cement
paste or concrete subjected to freezing and thawing. Balaguru and Ramakrishnan (1986) con-
ducted an extensive study on freeze-thaw durability of fibre reinforced concrete using ASTM
Procedure C666 and indicated that the behaviour of fibre-reinforced concrete was similar to that
of plain concrete. Beaudoin (1990) states that the freezing and thawing durability of steel fibre
reinforced concrete does not appear to be adversely affected by the fibres, since the freezing and
thawing durability of non-air-entrained concrete is similar to that of steel fibre reinforced con-
crete. Kobayashi (1983) reports that air-entrained steel fibre reinforced concrete has a better du-
rability than air-entrained concrete without steel fibre reinforcement. Fibres act as crack-bridging

elements so that they increase the crack tolerance of the C-S-H matrix.

2.3.4 Other Factors Affecting the Frost Action

2.3.4.1 Water/Cement Ratio

Water/cement ratio (w/c ratio) is one of the most important factors affecting the frost action of
cement paste. It determines not only the total porosity, but also the permeability of cement paste.
Figure 2.14 shows the length change of 100% saturated cement pastes subjected to freezing and
thawing (Litvan, 1972). The higher the w/c ratio, the greater is the irrecoverable dilation. This is

because there is a greater amount of water to freeze in cement paste for the higher w/c ratio.
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Fig. 2.14 Length change of 100% saturated cement pastes of w/c ratio 0.5 and 0.8

2.3.4.2 Degree of Saturation and Relative Humidity

The degree of saturation of cement paste is also one of the main factors controlling the frost ac-
tion. There is a critical value of degree of saturation at which cement paste is likely to dilate when
exposed to low temperature. Since the freezing of water results in 9% increase in volume, theo-
retically no dilation should occur by the hydraulic pressure, if the degree of saturation of cement

paste is lower than approximately 92%.

Cement paste, fully saturated, remains in the same condition only if the 100% relative humidity is
maintained. As the relative humidity decreases, however, the degree of saturation, hence the
moisture content in the pores also decreases. The relationship between the relative humidity and

the pore size can be obtained from Kelvin's equation as follows;

_ 20w M
57 pw RgTc InRH

2.5)



where rg = pore radius, A

caw = interfacial energy between air and water, dynes/cm
M = molecular weight of water, g/mole

pw = density of water, g/cm?®

Rg = gas constant, cal/mole °C

Tc = temperature of cement paste, °C

RH = relative humidity

The pore radius obtained by Kelvin’s equation with respect to different values of relative humid-
ity is shown in Table 2.3. It indicates that, for instance, if the relative humidity is 80%, the pores
whose radius is larger than 50 A do not contain water and the pores whose radius is smaller than

that are fully saturated.

Table 2.3 “Saturation” pore radius estimated from Kelvin’s equation at various values of

relative humidity

Relative Humidity Pore Radius Relative Humidity Pore Radius
RH. % s, A RH. % rs, A
100 o 70 31
98 550 60 22
95 217 50 16
90 105 40 12
80 50 30 9

The length change of cement pastes subjected to freezing and thawing after equilibration at 84%
relative humidity is shown in Fig. 2.15 (Litvan, 1972). There is no dilation indicated when the
pastes were equilibrated at 84% relative humidity. Saturated cement pastes exhibit irrecoverable
dilation when subjected to the same freezing and thawing cycle as shown previously in Fig. 2.14.
It should be noted that, for the cement paste equilibrated at 84% relative humidity, the effect of
w/c ratio is not as significant as it is for the 100% saturated cement paste. The dilation indicated
for cement paste of w/c ratio 0.50 is approximately the same as the one of w/c ratio 0.80, at 84%

relative humidity, Fig. 2.15.

2.34.3 Air Content
The presence of air in cement paste is as important as the presence of water. Entrained air is the

air intentionally mixed with cement paste to protect it from frost damage. Air entrainment im-



proves the resistance of cement paste to freezing and thawing. Figure 2.16 shows the length
change of cement pastes with 16% air entrainment and with no air entrainment subjected to a
freezing and thawing cycle (Powers, 1958). It clearly indicates that the cement paste with no air
entrainment results in the irrecoverable dilation while the length change of the cement paste with
16% air entrainment is completely reversible. Regarding the entrained air, not only the total air
content itself, but also the size of air bubbles and spacing between them are important. Powers

(1949 and 1954) determined the effects of the size and the spacing of air bubbles.
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Fig. 2.16 Length change of cement pastes with and without air entrainment



2.3.4.4 Rate of Freezing
Rate of freezing is an external factor which affects the frost action of cement paste. In the field,

the rate of freezing does not vary dramatically. However, a high rate of freezing can cause much
more severe damage than a low rate of freezing. Powers and Helmuth (1953) describe the rate of
freezing as one of the most important factors which control the hydraulic pressure. Length change
of cement pastes subjected to different rates of freezing is shown in Fig. 2.17. It demonstrates that
the higher the rate of freezing, the greater is the dilation. Lowering the rate of freezing gives ce-
ment paste a chance to desiccate during the freezing and thawing cycle. In other words, the de-
gree of saturation is reduced. This could be one of the reasons that the cement paste does not di-

late as much when subjected to lower rates of freezing.
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Fig. 2.17 Length change of cement pastes subjected to various freezing rates

2.34.5 Applied Load
In most cases, concrete structures in service are under a certain applied load. Those in cold cli-

mates are subjected to freezing and thawing at the same time. Therefore, it is important to under-
stand the effect of applied load to the freezing and thawing resistance. Zhou et al. (1994) have
conducted the research on the effect of an external flexural load on the frost resistance of air-en-
trained and non-air-entrained concrete with and without silica fume. They concluded that the load
had no effect on the air-entrained material, but increased significantly the damage to the non-air-

entrained concrete. Further investigation, however, is required to confirm these conclusions.



2.4 AC Impedance Spectroscopy (ACIS)

2.4.1 Introduction

Electrochemical measurements are widely used to characterize materials in various research
fields, such as corrosion, surface treatment and battery testing. Among a number of electrochemi-
cal techniques, AC impedance spectroscopy (ACIS) has become a dominant technique in recent
years. The basic theory of impedance spectroscopy involves the measurement of a signal resulting
from an applied perturbation, or the external driving force. For example, when an electrical po-
tential or perturbation is applied to a certain material, a resulting current flows through it. The

ratio of the applied potential to the current is observed.

If a direct current (DC) technique is used, an applied potential is constant, and the ratio of the ap-
plied potential to the current is the resistance of the material. If an alternating current (AC) tech-
nique is used, the applied potential is variable, and the ratio is measured as the impedance of the
material. The DC technique has been widely used. However it requires a relatively large pertur-
bation and is not particularly effective when it is applied to low conductive media. Accordingly
the AC technique has become more dominant, since only a small perturbation is required even for
low conductive media. The ACIS is gaining wider application owing to its advantages: rapid and
accurate data acquisition, continuous measurement and the attractiveness of a non-destructive

process.

2.4.2 Basic Theory of ACIS

2.4.2.1 Alternating Current
There are two types of electrical sources; a direct current (DC) source and alternating current

(AC) source. With the DC source, a current flows continuously in one direction and its magnitude
remains constant. With an AC source, however, the current alternates its flow direction and its

magnitude varies with respect to time in a sinusoidal manner as illustrated in Fig. 2.18.
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Fig. 2.18 Sinusoidal behaviour of the alternating current

Figure 2.18 depicts how the alternating current changes direction with time. The sinusoidal be-

haviour of the alternating current can be expressed as follows:

v(t) = Vm sin(ot + 0) 2.6)
where v = voltage attimet, V

Vm = amplitude of voltage, V

t=time,s

o = angular frequency, rad/s

0 = phase shift, radians

Angular frequency, ® can be expressed as ® = 2t/ T, where T is the period as shown in Fig.
2.18.

2.4.2.2 Resistance, Capacitance and Inductance

The three basic properties in the AC circuit are the resistance, capacitance and inductance. Resis-
tance is a property of the material that determines its ability to oppose the current. Capacitance is
the property of the material that measures its ability to store an electric charge. Inductance is the
property of the material related to its capability of generating an electromagnetic field. Figure

2.19 summarizes the terminology regarding the AC circuit.
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Inductance [L]

Fig. 2.19  Summary of terminology regarding the AC Circuit

Reactance is the total opposite of capacitance and inductance. The relationship between the im-
pedance and the other three properties will be discussed later. It should be noted that the resistor,
capacitor and inductor are devices that the impart resistance, capacitance and inductance to an

electric circuit respectively. Figure 2.20 is a graphic representation of a resistor, capacitor and

inductor.

i (t) = Im sin(mt) £(t) = Im sin(t) i (t) = Im sin(wt)

?)va(\) c_v L JV

Resistor Capacitor Inductor

Fig. 2.20 A graphic representation of a resistor, capacitor and inductor

Resistance, R is a property of the material that determines its ability to oppose a flow of electric-
ity; it dissipates electrical energy as heat. The unit of resistance is ohms, Q. One ohm is defined
as the resistance through which a potential difference of one volt will produce a current of one
ampere. The Ohm’s law can be applied to the alternating current circuit as well as the direct cur-
rent circuit and states that the electric current flowing through a given resistor is equal to the ap-

plied voltage divided by the resistance or;

A"
I[= — 2.7
= 2.7

where [=celectrical current, A

R =resistance, Q
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When the AC current flows through a resistor, the expression for the voltage drop across the re-
sistor is similar to the one for the current. The AC current is sinusoidal as a function of time and

can be expressed as follows;

i(t) = Im sin(wt) (2.8)
where { =currentattimet, A

Im = amplitude of current, A
Substituting Eq. (2.8) into Eq. (2.7) and rewriting in terms of voltage;
v(t) =R [ =R Im sin(wt) .9

Equation (2.9) shows that, when the sinusoidal current, Im sin(wt) flows through the resistor, R,

the voltage across the resistor has the amplitude magnified by R with no phase shift as shown in
Fig. 2.21.

i (t) = Im sin(wt)
Pra—

owa
- -

® R v " \“

.....

R—v(®) =R Im sin(wt)
i (t) = Im sin(mt)

Fig. 2.21  Description of voltage when current flows through the resistor

A resistor basically has the same behaviour in an AC circuit as in a DC circuit. Capacitance and

inductance, on the other hand, have unique properties in the AC circuit.

As mentioned before, capacitance is an ability to store the electric charge and expressed as the

ratio of stored charge to the voltage or;
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C= (2.10)

Q
\"
where C = capacitance, Farad

Q = electric charge, Coulomb

The relationship between voltage and current for capacitance can be obtained by defining the cur-
rent in terms of charge. The current is the rate of change in charge with respect to time and can be

expressed as follows;

iv = 990 @.11)
dt

From Egs. (2.10) and (2.11),

c VO (2.12)

= dt

dQ() _
de

A structure of a simple capacitor is shown in Fig. 2.22. It consists of two conductors (e.g., metal

plates) separated by a dielectric, that is a non-conductive material, such as a vacuum or water.

® :Electron

>— Conductor

Area of Conductor, S

Fig. 2.22  Structure of capacitor

Capacitance is also dependent on the geometry of the capacitor, and it can be obtained as follows;



S
C=¢ — 2.13
4 (2.13)

where € = permittivity, Farad/m
S = area of conductor, m?

d = distance between two conductors, m

When the DC voltage is applied to the capacitor, the current charges the plates of the capacitor,
but does not flow through the capacitor itself, because of the gap between the two plates. When
the AC voltage is applied to the capacitor, however, the current flows in the sinusoidal manner
similar to the applied voltage, although there is a phase shift between the current and voltage as
shown in Fig. 2.23.

. - 9Q°
t)=Im t

i(t) sin(wt) /T\

G

§) c__V

v(t)= —l—Im sin(wt - 90°)
wC

i(t) = Im sin(wt)

Fig. 2.23  Description of voltage when current flows through the capacitor
As shown in Fig. 2.21, the voltage and current for the resistor are said to be in phase, which
means the peak values of the voltage and current occur at the same time. For the capacitor, how-

ever, the current has its peak value 90° before the voltage, which means that the current leads the

voltage by 90°. This can be mathematically justified. Rewriting Eq. (2.12) in terms of voltage;
W= ~ fiwa (2.14)
C

Assuming the current i(t) = Im sin(wt), Eq. (2.14) gives;
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! .
o= = j' {Im sin(ot)} dt (2.15)
= Im {- cos(mt)} (2.16)
oC
= I Sincot - 90%) (2.17)
oC

Equation (2.17) indicates that, when the sinusoidal current, Im sin(wt) flows through the capacitor,
C, the voltage across the capacitor has the amplitude magnified by Im/wC with 90° phase shift as

shown in Fig. 2.23.

Inductance is a measurement of the electromagnetic induction of an electric component. Electro-
magnetic induction is the production of an electromotive force in a conductor as a result of a
changing magnetic field. When the current, I flows through the inductor, its inductance can be

determined as follows;

L=— 2.18
- (2.18)

where L = inductance, Henry

& = magnetic flux, Weber

The voltage between the two ends of inductor is proportional to the change in current with respect

to time, and its coefficient is the inductance. In other words;

v=r 3L (2.19)
dT

The property of an inductor is opposite to that of capacitor. When the inductor is subjected to the
DC voltage, the current easily flows, whereas the current does not flow when the capacitor is
subjected to the DC voltage. When an AC voltage is applied to the inductor, the current flows in a
sinusoidal manner. There is also a time difference between the peak values of voltage and current.
As indicated in Fig. 2.24, although the current leads the voltage by 90° for the capacitor, the cur-
rent has its peak value 90° after the voltage for the inductor, which means that the current lags the

voltage by 90°.
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i (1) = Im sin(ct) A 90°

O L DvV

v (t) = oL Im sin(wt + 90°)
i (t) = Im sin(wt)

Fig. 2.24  Description of voltage when current flows through the inductor

This also can be shown mathematically. When the current i(t) = Im sin(wt) flows through the in-
ductor, Eq. (2.19) gives;

d{Imsin(wt)}
=L ——— 2.20
v(t) aT (2:20)
= oL Im cos(wt) Q.20
= WL Im sin(wt + 90°) 2.22)

Equation (2.22) justifies that, when the sinusoidal current, Im sin(wt) flows through the inductor,

L, the resulting sinusoidal voltage has the amplitude magnified by wL with 90° phase shift as
shown in Fig. 2.24.

Now substituting i(t) = Im sin(wt) back into Egs. (2.9), (2.17) and (2.22), they become;

Resistance, R V=R -1 (2.23)

Capacitance, C v= =L . (2.24)
oC

Inductance, L V=joL -1 .25

The symbol ** j ™ in Eq. (2.25) denotes that the current lags the voltage by 90° and “ —j ” in Eq.
(2.24) means that the current leads the voltage by 90°. The source of this symbol will be dis-

cussed in the next section. As the equations above show, the three components R, — j/oC and
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JoL in Egs. in (2.23), (2.24) and (2.25) respectively indicate the ability to oppose a current flow
when the voltage, V is applied. They are termed an “Impedance, Z"” and can be expressed as fol-

lows;

V=2Z-1 (2.26)

where Z = Impedance, Q

Also Table 2.4 summarizes the properties of impedance.

Table 2.4 Properties of impedance

Resistance, R Capacitance, C Inductance, L
Magnitude R YaC oL
Phase Shift (I1to V) 0° -90° +90°
Impedance, Z R - j/oC JjowL

2.4.2.3 Complex Representation

One of the most well-known AC circuits is the series circuit containing an inductor, resistor and
capacitor (LRC circuit). Figure 2.25 diagrammatically shows the typical LRC circuit with the ap-
plied AC voltage of v(r) = Vm sin(cwt). Analyzing the AC impedance spectroscopy, ACIS of this

circuit utilizes the summation of the voltage drops around the circuit.

2

Fig. 2.25 A wypical LRC circuit

L R C

v(t) = Vm sin (cot)

According to Egs. (2.7), (2.10) and (2.19),

v(t) = Vm sin(wt) = VL + VR + VC 2.27)
=L£+IR+Q (2.28)
dT C

where VL = voltage across the inductor
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VR = voltage across the resistor

Vc = voltage across the capacitor

Substituting i(z) = % Eq. (2.28) becomes,

2
L94Q g 9Q
de” dt

+ % = Vm sin(wt) (2.29)

Analysis of the ACIS by solving the above differential equation may lead to complicated mathe-
matical operations as this typical and simple example of the LRC circuit describes. However, for
a given frequency, @, it is much easier to represent the ACIS by just two variables, the amplitude
and phase shift. For this purpose, the concept of complex representation can be introduced. The
advantage of using the complex number originates from its unique property of representing and
manipulating two variables as a single quantity. In fact, the complex number can be represented
in a two-dimensional display called the complex plane. Equations for the current i(t) = Im sin(wt)
and the resulting voltage v(t) = Vm sin(wt + 6), can be expressed by the complex variable in a

polar form respectively as follows;

i(t) = Imsin(wt) = [=Im e/ (2.30)

v(t) = Vmsin(@t + 0) = V= Vp e/(@*0 @2.31)

where j= /-1

Then, the impedance, Z can be expressed by the complex variable in the polar form by rearrang-
ing Eq. (2.26),

=7 o8 (2.33)

where Zm= ﬁ, Q
Im
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The complex variable shown in Eq. (2.33) can be expressed in the complex plane as presented in
Fig. 2.26(a).

Imaginary, +j Imaginary, +j
A A
Z=Zme"® Z=a+jb
A
Zm w
b
Zm sinf
0
> ->
Zm cosO Real Real
(a) Polar Form (b) Rectangular Form

Fig. 2.26 Complex variable in polar and rectangular form

The complex variable in a polar form is convertible to the one in a rectangular form using the

Euler’s formula,

e*/® =cos @ +jsin O 2.34)
Then, Eq. (2.33) becomes,
Z=Zme’® (2.35)
=Zm(cosB+ jsin0) (2.36)
=a+jb .37
where a=Zmcos0=27’
b=Zmsin0=2"

Figure 2.26 (b) shows the graphic representation of a complex variable in the rectangular form. A
complex variable on the complex plane can also be treated as a vector, since it denotes both mag-
nitude and direction. Comparing Figs. 2.26 (a) and (b), it can be seen that the complex variable in

a polar form can be converted to the one in a rectangular form. Zm and O can be calculated as
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,/(az-!- b?) and tan~’ (b/a). respectively. Variables a and b in Eq. (2.37) are often denoted as Z’

and Z", respectively.

As mentioned previously, the symbol *j” has been introduced as the square-root of negative one,

and it is used to denote an imaginary part in a complex number. There is a unique behaviour of

(Y% 1)

7" on the complex plane. It is that, on the complex plane, multiplying a complex variable by *;”

rotates it 90° counterclockwise and 90° clockwise if it is multiplied by “— ;. Figure 2.27 shows a
vector ** A " on the +X axis. This vector A is referred to as a complex variableof Z= A +j x

0, in other words, it only has a real number “A”. Multiplying this vector by j leads to j A which is
on the +j axis. It means that the vector A has rotated counterclockwise by 90°. Similarly, if j A

is multiplied by j once more, it becomes — A and rotates counterclockwise by 90°. Likewise, if

Ais multiplied by j twice more, it goes back on the +X axis. Also if the vector A on the +X axis

is multiplied by the — j, it rotates clockwise by 90° and so on.

+J

I
>4
X
f
\
P —
~.
U
X
<,

Fig. 2.27 A vector A and “r

This behaviour can also be observed for the capacitance and inductance in the complex plane. In
general electrochemistry, it can be confusing, but the positive Y axis is often set as the ~ j axis.
Equation (2.24) shows the relationship between voltage, current and capacitance and Fig. 2.28 (a)
depicts it graphically. Recalling Eq. (2.24);
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v= =L .| (2.38)

In Fig. 2.28 (a), a vector of current, I is on the +X axis. Since the voltage, V is the product of
current, I, I/oC and —j as shown in Eq. (2.38), a vector of voltage, V should be on the — J axis
after multiplication by — j and its magnitude is I/@C . Once again, the positive Y axis in Fig. 2.28

(a) is set as the —j axis, so that multiplying the vector by — j rotates it 90° counterclockwise. Fig-
ure 2.28 (a) clearly shows that, for the capacitance, the current leads the voltage by 90° as ex-
plained before. Similarly, the same behaviour can be observed for the inductance. Recalling Eq.
(2.25);

V=joL -1 (2.39)

Equation (2.39) is illustrated in Fig. 2.28 (b). Since the voltage, V is the product of current, I, ®wL

and + j as shown in Eq. (2.39), a vector of voltage, V should be on the + J axis after multiplied by

+j and its magnitude is wLI. As graphically shown, for the inductance, the current lags the voit-
age by 90°.

=J =J
T— i
M=oc ]
oC e (/x +
\l/ 8 \J |V|=oLI
: - > ~
+
' V V= joLi
+J +j

(a) Capacitance

(b) Inductance

Fig. 2.28 Description of capacitance and inductance in the complex plane
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2.4.3 ACIS and Cement Paste

2.4.3.1 The High Frequency Arc

The ACIS describes the response of current flow with respect to an applied sinusoidal voltage
perturbation as a function of frequency. It can be represented in the complex plane. The graph in
Fig. 2.29 shows a typical ACIS plot in the complex plane as frequency changes when the sinusoi-
dal voltage is applied to a cement paste specimen through the electrodes.

-z
A

,,,,,,,, Cement Paste Specimen
High Frequency Arc -~

.r',, E & %
r T/ :
s N Etectrodes /7

>
Z'
Fig. 2.29 A typical ACIS plot in the complex plane

The graph contains a semicircle on the left hand side and a part of another semicircle on the right
hand side. Since the frequency increases from right to left, the semicircle on the left hand side is
known as the high frequency arc, and the part of semicircle on the right hand side is the low fre-
quency arc. In a study of cement paste using the ACIS technique, the high frequency arc is the

important part to be investigated. The reason will be explained in the following section.

2.4.3.2 Equivalent Circuit

In order to analyze the resulting ACIS measurement taken from a certain material, the concept of
an equivalent circuit must be introduced. The equivalent circuit is a method for modelling the
resulting ACIS measurement by a combination of resistors, capacitors and inductors. In other
words, an electric circuit with a combination of those three basic components should be modelled

so that the impedance of the equivalent electric circuit fits the resulting ACIS measurement.
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If a sinusoidal voltage is applied across a pure resistor of magnitude R, then the magnitude of the

impedance, [Z] is R and the phase shift is 0° as shown in Fig. 2.30 (a). If the sinusoidal voltage is

applied across a pure capacitor, the magnitude of impedance is now dependent on the frequency,

according to [Z] = 1/wC and the phase shift is -90° as shown in Fig. 2.30 (b).

L >
< R > VA
(a) Resistor
- Z"
A
R C
VAV | i
®
¢ o
L :
T i
v .

< R > i

(c) Series circuitof a
resistor and capacitor

Bl—s

-Z"
C
0
,Z'
(b) Capacitor
-7 R
1\
C
o0 ® L .\
Q)
*r—>
& R > Z'

(d) Parallel circuit of a resistor
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Fig. 230  Description of various combination of resistor and capacitor

While the impedance of a resistor is constant for all frequencies, that of a capacitor decreases as

the frequency increases. If the equivalent circuit is modelled to contain a resistor and capacitor in

series or in parallel, the resulting impedance can be expressed as shown in Figs. 2.30 (c) and (d),

respectively. The impedance of the resistor and capacitor in series can be graphically deduced

from Figs. 2.30 (a) and (b). However, the impedance of the resistor and capacitor in parallel re-

sults in the semicircle with diameter, R.
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Xie et al.(1993) developed the following physical and mathematical interpretation of an equiva-
lent circuit for the saturated cement paste. Considering the saturated cement paste specimen under
the applied voltage, the specimen was modelled as an electric circuit consisting of N electric ele-
ments connected in series as shown in Figs. 2.31 (a) and (b). The elements have the same physical
properties and consist of three sub-elements, solid, bulk liquid and solid-liquid interface normal
to the electric field. Figure 2.31 (c) illustrates the detailed representation of the solid-liquid inter-
face. As shown, the ionic composition and microstructure of the solid-liquid interface is different
from that of bulk liquid owing to the surface adsorption of the solid. Xie et al. (1993) suggested
that, under an AC signal, the separation of opposite charges in the solid and solid-liquid interface
results in capacitance behaviour and it can be modelled by the equivalent circuit as shown in Fig.
2.31 (d). Rs and RL represent the electrical resistance of solid-liquid respectively, and Rf and Cr
represent the electrical resistance and capacitance of solid and liquid interface, respectively. Fi-

nally the equivalent circuit for the whole specimen is a summation of N elements as shown in Fig.
2.31 (e).

The mathematical interpretation of the equivalent circuit shown in Fig. 2.31 (e) was developed by

Xie et al. (1993). The total impedance, Z, of the specimen can be calculated as follows;
2=21+22 (2.40)
where Z1 = total impedance of parallel circuit component containing Rs and RL

Z2 = total impedance of parallel circuit component containing Rf and Ct

The total impedance of the parallel Rs and RL circuit component can be obtained by;

) ! 241
2=\ T T @40

i=l| — 4 —
Since Rs >> R, Eq. (2.41) becomes;

N
Z1= Y (RL); =NRL (2.42)

i=1
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Z2, on the other hand, is the total impedance of the parallel circuit of Rf and Cr and can be ob-

tained by;
e 1
i=l| —+ joCr
Rf i
Re . oCrRe?
= Z 2~ J > (2.44)
=1\ 1+(0CrRr) 1+(0CrRe)* |
Re?
- NRf __j N oCiRf . (2.45)
1+(@CrRe)* " 1+(0CrRr)
Substituting Eqs. (2.42) and (2.45) into Eq. (2.40) gives;
2
Z=71+Z2=NRL+ —RF ——j N oCtRe - (2.46)
1+(0CrRr)* " 1+(wCrRr)
Letting Rt = NRL, R2 = NRrand Ca = Ct/N, Eq. (2.46) becomes;
2
Z=Ri+—2____; @CR: - (2.47)
1+(wCaR2)* " 1+(wCaR2)
2
IfZ' = Ri +—R-£—2 and 2" = ——0-3&2- , the following equation can be obtained;
1+(wCaR2) 1+(wCdaRz2)

2 2
(Z’-(RH»&)J +(z") =(&) (2.48)
2 2

Equation (2.48) is the equation of a semicircle with radius R2/2 and centre (Rt + R2/2, 0) in the

complex plane as shown in Fig. 2.31 (f). Now, since the sinusoidal voltage is applied through the
electrodes, the model developed in Fig. 2.31 can be modified as illustrated in Figs. 2.32 (a) and
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(b). Figure 2.32 (c) illustrates the equivalent circuit when the electrode was taken into considera-

tion.
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Fig. 2.32 Modified model of cement paste specimen as an electric circuit

As the solid-liquid interface results in capacitance behaviour, the cement-electrode interface also
results in capacitance behaviour. Therefore, another capacitor, Cel, as well as a resistor, Rel, were
added where Rei and Cei represent the electrical resistance and capacitance of the cement paste-
electrode interface, respectively. This equivalent circuit includes the low frequency semicircle on
the right hand side, accounting for the cement paste-electrode effect and the semicircle on the left
hand side, the high frequency arc, modelling the behaviour of the cement paste itself. This is the
reason that the high frequency arc becomes more important than the low frequency arc when em-
ploying the ACIS measurement. Since, in most cases, the high frequency arc is the main charac-

teristic to be investigated, the equivalent circuit shown in Fig. 2.31 (f) is the well-known circuit
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used to model the ACIS measurement for the cement paste. This equivalent circuit can be

mathematically expressed by substituting Eqs. (2.42) and (2.43) into Eq. (2.40);

Z=NRL+ | —m8— (2.49)
Since R1 = NRL, R2 = NRfand Cd = Cr/N, Eq. (2.49) becomes;

Z=Ri1 + _ll— (2.50)

—+ joCd
R2

At high frequencies, the capacitance, Cd, conducts readily leaving only the effect of the resis-
tance, Ri. As the frequency decreases, the conduction of Ca becomes less and the response of R2
increases. As the frequency approaches zero, the capacitor ceases to conduct and the impedance

becomes a function of R1 and Ra.

2.4.3.3 The Depression Angle Parameter
As illustrated in Fig. 2.31 (f), the equivalent circuit models the ideal semicircle. However, the

semicircle obtained from the ACIS measurement is, in most cases, inclined and its centre is de-

pressed below the real axis by a depression angle, ¢dep as shown in Fig. 2.33.

‘ -Z"

Z'

Fig. 2.33 ACIS plot and its depression angle
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In order to model and represent the depression of the semicircle, the concept of the depression
angle parameter and constant phase element (CPE) can be introduced. The depression angle pa-

rameter, n, can be defined as follows;

2
n=l-2 Gap (2.51)
T

where n = depression angle parameter

{dep = depression angle, radians

The CPE is the circuit element used to model the capacitor with the phase shift less than 90°, that

is, the depression of the semicircle, and its impedance can be defined as follows;

l

Z= ———
C(jo)"

For the ideal semicircle, that is, n = 1.0, the impedance of CPE becomes 1/ joC with a 90° phase

shift. When n is less than 1.0, the phase shift can be determined as n x 90°.

In general electrochemistry, the depression of the semicircle is said to be influenced by the het-
erogeneity and roughness of an interface. As the interface becomes more heterogeneous and
rough, the depression angle, ¢dep increases and therefore the depression angle parameter de-
creases. Conversely, when the interface becomes less heterogeneous and rough, the depression
angle, ¢dep decreases and therefore the depression angle parameter approaches 1.00. McCarter
and Brousseau (1990) suggested that the depression angle parameter of cement paste is influ-
enced by a spread of relaxation times, and Gu et al. (1994) extended this idea and discussed the
pore size distribution of cement paste as one of the possible influences on the depression angle
parameter. The explanation is that the dipoles of ions inside the micropores orient themselves to
follow the applied AC signal. Then the time for the orientation of ions, that is, relaxation time,
appears to be affected by the geometry of the pores and surface chemistry of the solid. The differ-
ences of ion-ion interaction between large and small pores are expected to result in differences in
relaxation times. This indicates that a large depression angle can correspond to a spread of re-
laxation times inherent in porous materials containing a broad pore size distribution. Perron and
Beaudoin (2002) applied this dependence of the depression angle parameter on the pore size dis-

tribution to explain ice formation within cement paste subjected to a freezing and thawing cycle.
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2.5 Differential Scanning Calorimetry (DSC)

2.5.1 Introduction

The differential scanning calorimeter (DSC) is a device used to measure heat flow associated with
phase transitions as a function of temperature and time. It has been widely used, in various fields,
to investigate the phase transitions of the substance as well as to determine its heat capacity.
Beddoe and Setzer (1988) conducted the DSC experiments to investigate the phase transitions of
cement paste subjected to freezing and thawing cycles. Extensive studies using the DSC were
conducted by Bager and Sellevold (1986 and 1987) for the cement pastes cured in various envi-

ronments and subjected to freezing and thawing cycles.

2.5.2 Basic Theory of DSC

2.5.2.1 Heat of Fusion and Specific Heat Capacity

When the heat is absorbed by a substance, its temperature increases; the temperature decreases
when the heat is released from the substance. The relation between the heat absorbed or released
and the associated temperature changes can be obtained by introducing the heat capacity as fol-

lows;

q=CnAT (2.53)
=cmAT (2.54)
where q=heat,J
Ch = heat capacity, J/°C
AT = temperature change, °C
¢ = specific heat capacity, J/°C/g

m = mass of substance, g

The heat capacity of a substance, Ch in Eq. (2.53), is the amount of heat required to change its
temperature by one degree and the specific heat capacity, c in Eq. (2.54), is therefore the amount

of heat required to change its temperature by one degree per unit mass of substance. For example,
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the specific heat capacity of ice is 2.049 J/°C/g, which means that 2.049 J of heat is required to
raise the temperature by one degree per gram of ice. When the temperature reaches the melting
point of water, the water changes its phase from solid to liquid. There is no change in temperature
during this phase transition, however the heat required to accomplish the phase transition is much
greater than the specific heat capacity. The heat needed to convert unit mass of a substance from
solid to liquid is often referred to as heat of fusion, denoted as AHf, and the heat of fusion of wa-
ter is approximately 344.8 J/g. When the melting is completed, a further addition of heat is re-
quired to raise the temperature of the water based on the specific heat capacity of liquid water,
that is 4.186 J/°C/g. Figure 2.34 summarizes the relation between the heat and the temperature of

water. The specific heat capacity of ice and liquid water represent the slopes of the heat and tem-

perature graph.
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Fig. 2.34 Relation between the heat absorbed or released and the temperature of water

2.5.2.2 Apparent Specific Heat Capacity

The DSC measures the heat flow at a constant rate of temperature change. This is the heat ab-
sorbed or released for a given time interval, or dq/dt. Then, as the rate of temperature change
dT/dt, is constant, the measured heat flow is converted to the heat for a given temperature interval

per unit mass. This is referred to as an apparent specific heat capacity and is determined as fol-

lows;



= —at__ )
Ca aT - 2.55)

= .- (2.56)

where c, = apparent specific heat capacity, J/°C/g

The reason for the term *“‘apparent” is owing to the heterogeneity of cement paste during the
freezing and thawing process, consisting of ice and supercooled water which have different val-
ues of specific heat capacity. Since the heat required for the phase transitions is relatively large,
the phase transitions appear as peaks in the plot of the apparent specific heat capacity versus tem-
perature. Figure 2.35 is a typical plot, obtained from the DSC measurement, of the apparent spe-
cific heat capacity versus temperature for a cement paste specimen subjected to a freezing and
thawing cycle. The apparent specific heat capacity remains constant as the temperature decreases,
since the rate of heat released from cement paste is constant. As soon as a part of the pore water
in the cement paste specimen starts freezing, a large amount of heat is released without a tem-
perature change, resulting in a peak as shown in Fig. 2.35; the remaining pore water remains su-

percooled.
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Fig. 2.35 A typical DSC plot of cement paste subjected to a freezing and thawing cycle



The area under this peak with a linear baseline in the plot of the apparent specific heat capacity
versus temperature is the amount of heat released per unit mass of cement paste owing to the

phase transition. It can be expressed mathematically as follows;

- ~l(d 2
qp = LcAdT- - deTdT (2.57)

where qp = heat required for phase transition per unit mass of a substance, J/g

The actual amount of water frozen during the phase transition per unit mass of substance, wf can

then be calculated from qp as follows;

qr
AH,

wf = (2.58)

where wr = the actual amount of water frozen during the phase transition,

8 water /] & substance

AHf = heat of fusion of water, 344.8 J/g

The unit of we is defined as g er/8substance tO indicate that the wr is the actual amount of water

frozen per unit mass of cement paste specimen for a comparison purpose.



CHAPTER 3

EXPERIMENTAL

3.1 Introduction

Two basic experiments were employed; the AC impedance Spectroscopy (ACIS) coupled with
the thermomechanical analysis (TMA), and the differential scanning calorimetry (DSC). The
coupled ACIS-TMA experiment was designed to investigate the potential of the ACIS measure-
ment, whereas the DSC experiment was designed to support the interpretation of phenomena ob-
served in the coupled ACIS-TMA experiment. In this chapter, the experimental procedure and the
specimen preparation method for the coupled ACIS-TMA and DSC experiments will be dis-

cussed.

3.2  The coupled ACIS-TMA Experiment

3.2.1 Experimental Setup

One of the main objectives was to investigate the potential of the ACIS measurement as a possi-
ble technique for determining the durability of cement paste to freezing and thawing. The ACIS

was coupled with the TMA, since a comparison of these two measurements provides the effec-



53

tiveness of the ACIS measurement and its independent use as a durability indicator. The ACIS
measures the response of the current flow with respect to an applied sinusoidal voltage, while the
TMA simultaneously measures the length change with respect to temperature variation. A graphic
illustration of the coupled ACIS-TMA experiment and a detailed sectional description of a tem-

perature control chamber are provided in Figs. 3.1 (a) and (b) respectively.
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] Wires
4 ¥

@ ACIS TMA

-] Length Change
.| Probe
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Wires

(b)

Fig. 3.1 (a) A graphic illustration of the coupled ACIS-TMA experiment and (b) A

detailed sectional description of temperature control chamber
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A liquid nitrogen tank and a heater mounted inside allow the temperature in the chamber to be
controlled at the desired value and rate of change. The temperature in the chamber was monitored
by a thermocouple installed next to a specimen as shown in Fig. 3.1 (b). The length change of the
specimen was detected through the movement of the length change probe. Electric wires were
soldered onto the electrodes cast in the specimen. The electric wires led from the temperature
control chamber to connect with the ACIS data acquisition system. They were also clamped to the
base of the temperature control chamber in order to avoid pulling down the specimen by their

own mass.

The programmed temperature variation during the experiment was based on the air temperature
of the chamber measured by the thermocouple installed next to the specimen. The difference be-
tween the air temperature and the temperature within the specimen was one of the concerns and
was investigated by installing a cast-in thermocouple into the specimen to measure the tempera-
ture within the specimen. Figure 3.2 shows the air temperature measured by the TMA thermo-
couple and the specimen temperature measured by the cast-in thermocouple. The temperature
difference of approximately 3°C — 5°C can be observed; however, the analysis of the experiments
was conducted based on the air temperature of the chamber because of the following two reasons:
the exact definition of the specimen temperature is rather ambiguous because a cement paste
specimen itself consists of the C-S-H gel. water and ice; the air temperature surrounding the ce-

ment paste specimen would be practical upon the application of the ACIS technique in the field.
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Fig. 3.2 An air temperature-time curve measured by the TMA thermocouple and a

specimen temperature-time curve using a cast-in specimen thermocouple
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The ACIS measurement was obtained using the Solartron SI 1260 Impedance / Gain-Phase Ana-
lyzer and was fit to the equivalent circuits using the ZView software. The TA Instruments Ther-

momechanical Analyzer 2940 was used to obtain the TMA measurement.

3.2.2 Experimental Procedure

The information for the desired temperature variation was input into the TMA computer, so that
no additional operation was required during a freezing and thawing cycle once the experiment
was initiated. The temperature variation of the freezing and thawing cycle was input as follows;

1. Equilibrate the chamber at +5°C

2. Hold isothermal condition at +5°C for 10 minutes

3. Decrease the temperature by 2°C/min to —80°C

4. Hold isothermal condition at —-80°C for 10 minutes

3. Increase the temperature by 2°C/min to +20°C
After equilibrating the temperature of the chamber at +5°C, the temperature is held for 10 min-
utes to compensate for the difference between the temperature within the specimen and air tem-
perature measured by the thermocouple. The temperature gradient of 2°C/min was chosen to
avoid the substantial evaporation of moisture from the specimen. The rate was also chosen so as
not to exceed a test time of 2 hours due to the maximum capacity of the liquid nitrogen tank. The
temperature was lowered to —80°C, so that all the freezable water within a cement paste specimen

would freeze. The raw TMA data were collected every 2 seconds.

The data acquisition for the ACIS measurement was initiated when the temperature in the cham-
ber was equilibrated at +5°C. The raw data were taken every 74 seconds within a frequency range
of 100 Hz — S MHz. The data were then fit to the equivalent circuits to obtain the high frequency
arc and the depression angle parameter. Figure 3.3 is a plot of selected ACIS measurements at

different values of temperature during the freezing process.

The specimen was surface-dried before loading, and its mass was measured before and after the
experiment to monitor any evaporation of moisture from the specimen during the experiment. The
values of the percentage loss of moisture of the specimen were in the range of 0.05% — 3.06%;

which indicates no significant loss of moisture during the experiment.
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Fig. 3.3  ACIS measurements at different values of temperature

3.2.3 Materials and Specimen Preparation

The specimens were prepared to study the effect of three variables: w/c ratio, degree of hydration
and wollastonite micro-fibre reinforcement. The specimens were prepared for w/c ratio 0.35,
0.40, 0.50 and 0.60 and were hydrated for 1, 3, 7 and 28 days. The variation of the wollastonite
content was 0%, 5.1%, 8.1% and 10.2% by volume. Therefore, the test matrix comprised 64 dif-
ferent specimen conditions in total as listed in Table 3.1. The materials used for the experiment
were Type 10 Portland cement supplied by Lafarge, Paris, France and the commercially available
NYAD ‘G’ grade wollastonite micro-fibres obtained from NYCO Minerals, Inc., Willsboro,
N.Y., USA.

As mentioned previously, the specimens were designed to facilitate the coupling of the ACIS
measurement with the TMA measurement. The specimens were cylindrical, 9.64 mm in diameter
and 19.05 mm in length as illustrated in Fig. 3.4 (a). Two stainless steel electrodes, on which
electric wires were soldered, were cast into the end of each specimen. A plastic tube mould was
used to prepare the specimen. It was slit at each end in order to install the two electrodes before
casting a cement mix, Fig. 3.4 (b). The cement mix was prepared by a hand-made mixer and the

mixing duration was one minute. The cement mix was then cast in three steps. The mould was



vibrated after each step to remove any air bubbles within the cement mix. Finally the specimen
was capped and stored in a saturated calcium hydroxide solution. The specimen was demoulded
the day following the casting and cured in the saturated calcium hydroxide solution for the de-

sired hydration period.

Table 3.1 Test matrix for the cement paste specimens

Wollastonite Content, % 0
w/c Ratio 0.35 0.40 0.50 0.60
Hydration Period [d] Ly{3f7(28]1[3)7]28]1]3]7]28]1]3]7]28
Wollastonite Content, % 3 5.1
w/c Ratio 0.35 0.40 0.50 0.60
Hydration Period [d] 1[3] 728 1]3]7]28]1|3]7{28]1]3]7]28
Wollastonite Content, % 8.1
w/c Ratio 0.35 0.40 0.50 0.60
Hydration Period [d] p30 728l 1f3] 728 1[3]7]28]1]3]7]28
Wollastonite Content, % 10.2
wi/c Ratio 0.35 0.40 0.50 0.60

Hydration Period [d] L]3f7f28] 13728l 1|3]7]28]1]3]7]28

Electric 5 i \L
Wires
7,9
Cast-in
Electrodes 12.25 19.05 Y\
\ \ Plastic
Tube
et Mould

~

- /
Dimensions are in [mm]

(a) (b)

Fig. 3.4  Specimen configuration and preparation: (a) Specimen configuration and (b)

-

Specimen preparation details
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3.3 The DSC Experiment

3.3.1 Experimenial Setup

The DSC experiment was designed to support the interpretation of phenomena observed in the
coupled ACIS-TMA experiment. The DSC is a device to measure heat flow into or out of a sub-
stance as a function of temperature and time for the desired temperature variation. A schematic of
the DSC experiment and a detailed description of the test chamber are illustrated in Figs. 3.5 (a)
and (b) respectively. The DSC is operated with a computer that controls the temperature variation
inside the test chamber of the DSC. There are two pans in the DSC test chamber: the sample pan,
holds a specimen to be tested; the reference pan, is left empty, as illustrated in Fig. 3.5 (b). The
pan itself is aluminum. The capable range of the temperature variation is approximately from
—180°C to 600°C. The base on which each pan is located possesses a heater and thermocouple
underneath. The heater and surrounding liquid nitrogen allow the two pans in the test chamber to
follow the programmed temperature variation. For instance, if the temperature was set to be low-
ered from —10°C to 40°C in 10 minutes, the heater needs to compensate for the cooling effect of
the liquid nitrogen surrounding the test chamber. The DSC measures the difference in heat gener-
ated from each heater to follow the temperature variation. The TA Instruments Differential Scan-

ning Calorimetry 2910 was used to obtain the DSC measurement.

Liquid / Test Chamber
Nitrogen

Supply

Reference
Pan

(a) Heater

Liquid Nitrogen Thermocouple

Fig. 3.5 (a) A schematic of the DSC experiment and (b) A detailed sectional description
of the DSC test chamber
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3.3.2 Experimental Procedure

The programmed temperature variation of the freezing and thawing cycle for the DSC experiment
was set to be identical to the one for the coupled ACIS-TMA experiment.

1. Equilibrate the chamber at +5°C

2. Hold isothermal condition at +5°C for 10 minutes

3. Decrease the temperature by 2°C/min to -80°C

4. Hold isothermal condition at —-80°C for 10 minutes

S. Increase the temperature by 2°C/min to +20°C
The pans were sealed with a manual compressor. Therefore there was less risk of losing moisture
from the sample pan in the test chamber of the DSC experiment, Fig. 3.5 (b). The maximum ca-
pacity of the liquid nitrogen supply was much greater than the one for the coupled ACIS-TMA
experiment. However, the temperature gradient of 2°C/min was chosen in order to be consistent

with the coupled ACIS-TMA experiment. The raw DSC data were collected every 2 seconds.

A total mass of approximately 15 mg of the crushed specimen was sealed into the sample pan
with the manual compressor. The reference pan was also sealed with the compressor and it was
left empty. The mass of the sample pan was recorded before and after the experiment to monitor
the loss of sample moisture from the pan. The values of the percentage loss of moisture from the
sample pan were in the range of 0.04% — 2.59%; which indicates no significant loss of moisture

during the experiment.

3.3.3 Materials and Specimen Preparation

The specimens were prepared to determine the effect of three variables: w/c ratio, degree of hy-
dration and wollastonite micro-fibre reinforcement. They were identical to the ones prepared for
the coupled ACIS-TMA experiment as listed in Table 3.1. The materials used for the specimens
were from the same sources as used for the coupled ACIS-TMA experiment, i.e., the Type 10
Portland cement and the NYAD ‘G’ grade wollastonite micro-fibres. The specimen preparation
method was exactly the same as the one for the coupled ACIS-TMA experiment except no elec-
trodes were installed for the DSC experiment. The specimen was cured in the saturated calcium
hydroxide solution for the desired hydration period, then crushed into small pieces and placed

into the sealed sample pan.



CHAPTER 4

RESULTS AND DISCUSSION:
The Coupled ACIS-TMA Experiment

4.1 Introduction

The main objective of the coupled ACIS-TMA experiment was to investigate the potential of the
ACIS measurement and its use to determine the durability of cement paste on freezing and thaw-
ing. The coupled ACIS-TMA experiment was designed to establish a possible relationship be-
tween the ACIS measurement and the TMA measurement. The TMA measurement provides the
length change of a tested specimen subjected to freezing and thawing and is often used as a dura-
bility indicator. The schematic description of the ACIS-TMA experiment is shown in Fig. 1.1.
The durability of the wollastonite micro-fibre reinforced cement paste with respect to freezing
and thawing was also investigated applying the ACIS-TMA experiment. As mentioned previ-
ously, the coupled ACIS-TMA experiment focused on the cement paste specimens with variable
wollastonite content, w/c ratio and degree of hydration. The test matrix is summarized in Table
3.1.

This chapter will discuss the results of the coupled ACIS-TMA experiment in three stages. First,
a typical coupled ACIS-TMA measurement of one of the cement paste specimens will be chosen
and its microstructural behaviour and mechanism of frost action occurring within the specimen
will be interpreted in detail. Then, the coupled ACIS-TMA measurements obtained for the ce-

ment paste specimens will be compared in terms of w/c ratio and degree of hydration and the re-
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lationship between the ACIS and TMA measurements will be established to investigate the po-
tential of the ACIS measurement to determine the durability of cement paste on freezing and
thawing. Finally, the durability of the wollastonite micro-fibre reinforced cement paste with re-
spect to freezing and thawing will be discussed in terms of the results from the coupled ACIS-

TMA measurements.

4.2 Microstructural Behaviour and Mechanism of Frost Action of Cement

Paste Subjected to a Freezing and Thawing Cycle

42.1 TMA

The TMA is a very informative measurement; it provides the length change of cement paste sub-
jected to a freezing and thawing cycle. The TMA measurement yields two important parameters:
one is the total expansion and the other is the irrecoverable expansion. The total expansion re-
flects the total amount of water frozen in a cement paste specimen during a single freezing and
thawing cycle. The irrecoverable expansion is the residual deformation after the single freezing
and thawing cycle, which is often referred to as a durability indicator. The TMA measurement
provides not only these two parameters, but also significant information enabling the interpreta-

tion of the microstructural mechanism of frost action of the cement paste specimen.

Figure 4.1 is a typical plot of length change versus temperature obtained from the TMA measure-
ment for a cement paste specimen of w/c ratio 0.50 at 7 days hydration subjected to a freezing
and thawing cycle. The temperature variation of the freezing and thawing cycle is described in
Chapter 3. In this thesis, “the freezing and thawing cycle” refers to the same temperature varia-
tion, unless otherwise noted. In Fig. 4.1, the freezing process is described in the steps, A to F; the
thawing process in the steps, F to H. Figures 4.2 (a) through (e) illustrate how ice formation takes
place in a cement paste specimen during the freezing and thawing cycle. The letters A — E corre-
spond to those in Fig. 4.1. Saturated capillary pores and the C-S-H gel are represented as shown
in Fig. 4.2 (a). It should be noted that there are saturated gel pores within the C-S-H gel. As men-

tioned in Chapter 2, the mechanism of frost action is complex and various phenomena occur si-
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multaneously. However, a possible explanation for each section of the graph in Fig 4.1 is as

follows;

Freezing section of Fig. 4.1:

A~B:

A cement paste has a positive coefficient of thermal expansion like most engineering
materials. Accordingly the specimen contracts as the temperature decreases. The speci-
men continues to contract until point B in Fig. 4.1, approximately at —7°C, indicating that
the water in the specimen remains unfrozen even below the normal freezing temperature

of water. The depression of the freezing point has occurred.

: A sudden expansion occurs between point B and C. This indicates that the initial freezing

has occurred in the relatively large capillary pores (50 — 100 nm) of the specimen. This is
illustrated in Fig. 4.2 (b). The nucleation of ice (ice nuclei are denoted as black dots) is
initiated at one point in the capillary pores; ice crystals then grow until they reach the
pore wall. The water is pushed out of the capillary pores generating a hydraulic pressure;
ice formation results in a 9% increase in volume. The growth of ice crystals in the super-
cooled water is extremely rapid. The velocity of ice crystal growth in the supercooled
water simulated in a glass capillary tube conducted by Hilling and Turnbull (1956) can be

estimated as follows;

vi= 0.16 (AT )"’ 4.1)
where vi = velocity of ice crystal growth, cnv/s

ATg = total supercooling, °C

If the ATy is 7°C, the velocity of ice crystal growth would be 4.4 cm/s. The velocity of

ice crystal growth depends mainly on the pore size, since the water in the smaller pores
experiences a greater degree of supercooling.

: The specimen continues to expand as the temperature decreases further. The ice crystals

in the large capillary pores continue to increase their volume and the ice nucleation oc-
curs simultaneously in the relatively smaller capillary pores (10 — 50 nm), Fig. 4.2 (¢). It
is necessary to note that the expansion is caused also by the migration of water itself and
it becomes more obvious when the temperature is held constant. Figure 4.3, taken from
Powers and Helmuth (1953), illustrates the length change of cement paste when the tem-

perature was lowered to —21.3°C and held constant. As soon as the cooling is ceased and
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the temperature is held constant, the nucleation of ice ceases as well. However, the super-

cooled water in the gel pores migrates into the capillary pores and causes the expansion.

: The water in most of the capillary pores has frozen when the temperature reaches point D.

The water in the gel pcres remains supercooled as illustrated in Fig. 4.2 (d). There is a
slight increase in the rate of expansion between point D and E, as shown in Fig. 4.1. Re-
calling the phase diagram of water in Fig. 2.11, water can become supercooled to -40°C
without any ice nucleation at a relatively low pressure. Then as the temperature decreases
further in the cement paste specimen and the water becomes more supercooled, the pres-
sure increases as well. This indicates that the freezing of water in most capillary pores is
completed at —-40°C and as the temperature decreases further, the water in the gel pores
starts to freeze and generates the higher pressure. This causes the higher rate of expansion
as observed in Fig. 4.1. At point E, the freezing of the water in most of the gel pores has
completed, Fig. 4.2 (e). It should be noted that there is a portion of water including the

gel water that has never frozen during the entire freezing process.
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Fig. 4.1 A typical plot of length change versus temperature obtained from the TMA

measurement for a cement paste specimen of w/c ratio 0.50 at 7 days hydration

subjected to a freezing and thawing cycle
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Fig. 4.2 A schematic description of ice formation in a cement paste specimen
corresponding to positions on the length change versus temperature curve,

shown in Fig. 4.1
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E~F:

The specimen behaves as a homogeneous solid upon the completion of freezing. It there-
fore contracts as the temperature further decreases. The total expansion caused during the
freezing can be defined by the length shown in Fig. 4.1, which is the vertical distance
between F and the linear extension of A — B. The total expansion represents the total

amount of water frozen, or freezable water, in the cement paste specimen.

Thawing section of Fig. 4.1:

F~G:

G~H:

An expansion of the specimen from F — G has occurred as a homogeneous solid as the
temperature increases, indicating no thawing.

On thawing, similarly to freezing, the water in the pores does not melt at precisely 0°C
owing to the depression of the melting temperature. The melting starts from point G at
about —30°C, indicating that the melting is progressive and does not take place merely at
0°C. There is also a gap between the freezing and thawing temperature. In other words,
the water in the pores does not melt at the temperature it freezes but melts at a higher
temperature. Refer to the phase diagram in Fig. 2.11. The melting starts at the tempera-
ture at which the corresponding pressure becomes equivalent to the one on freezing, be-
cause the pressure generated on freezing remains constant until the melting occurs. The
hysteresis caused after the freezing and thawing cycle can be defined as the irrecoverable
expansion as shown in Fig. 4.1. The irrecoverable expansion indicates the extent of the

damage the cement paste specimen has experienced after a single freezing and thawing
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cycle, and reflects the durability of cement paste to freezing and thawing. Therefore a

lower value of the irrecoverable expansion corresponds to a more durable cement paste.

The relation between the total and irrecoverable expansion, or the relation between the amount of

freezable water and durability of cement paste will be discussed later.

4.2.2 ACIS

An investigation of the potential of an ACIS measurement to determine the durability of cement
paste requires an understanding of the phenomena observed in the ACIS measurement. Two im-
portant characteristics to be focused on in the ACIS measurement are the high frequency arc and
the depression angle parameter. The high frequency arc, shown in Fig. 4.4, yields two parameters.
One is resistance R1, which is the intercept on the real axis at the high frequency end. The other is
resistance R2, which is the diameter of the high frequency arc. The depression angle parameter
can be obtained from the observed depression angle, ¢dep, which represents the extent to which
the centre of the high frequency arc is depressed below the real axis. The significance of the high
frequency arc and the depression angle parameter obtained from a typical ACIS measurement

will be discussed in the following sections.
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Fig. 4.4 The high frequency arc and depression angle of the ACIS measurement of a

typical cement paste



67

4.2.2.1 The High Frequency Arc

The high frequency arc obtained from the ACIS measurement can be modelled by the equivalent

circuit as shown in Fig. 2.31 (f). Recalling the mathematical expression of the equivalent circuit
in Eq. (2.50);

Z=RiI+ 'l—l— (47)

o + joCd

At high frequencies, the capacitor, Ca conducts easily. The impedance, Z then becomes dependent
on the resistance Ri. At low frequencies the capacitor Cd hardly conducts; the resistance R2 be-
comes dominant. Xie et al. (1993) defined R1 as the resistance of the pore water and R2 and Cd
are the resistance and capacitance of the C-S-H and pore water interface of cement paste at room
temperature, respectively. Consider a cement paste subjected to a freezing process. The interpre-
tation of these three parameters can be introduced as follows. Figure 4.5 (a) illustrates a pore in a
cement paste before ice formation occurs. When an AC voltage is applied, R1 represents the resis-
tance of the pore water while R2 and Cd represent the resistance and capacitance behaviour of the
C-S-H and pore water interface, respectively. When the cement paste is subjected to freezing and
the ice formation occurs, the C-S-H and pore water interface becomes the combination of the C-
S-H and pore water interface and the C-S-H and ice interface as shown in Fig 4.5 (b). Because the
values of R2 and Cd of the C-S-H and ice interface are much greater than those of the C-S-H and
pore water interface, the values of R2 and Cd represent the resistance and capacitance of the C-S-
H and ice interface. The value of R1 represents the resistance of the unfrozen pore water. The

value of Ri is not affected by the C-S-H and pore water interface or the C-S-H and ice interface.

Figure 4.6 is a graph of resistance R1 versus temperature for a cement paste specimen of w/c ratio
0.50 at 7 days hydration subjected to the freezing and thawing cycle. As the temperature de-
creases, the value of Ri decreases as well. This is owing to the fact that the pore water of cement
paste contains dissolved substances such as alkalis and chlorides which act as the electrolytes.
The ice formed during a freezing process excludes these substances and results in a higher con-
centration of salts in the unfrozen pore water. Therefore, the charge can be carried more easily
and results in a lower electrical resistance. At approximately —40°C, the value of R1 stops de-
creasing and increases slightly as the temperature falls to ~80°C. It should be noted that the value

of R1 represents the resistance of the unfrozen water either in the capillary pores or in the gel
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pores. However, it was suggested that the freezing of the water in the capillary pores was com-
pleted at approximately —40°C. This implies that the value of R1 below —40°C is an indicative of
the resistance of the unfrozen water in the gel pores. The gel pores are sufficiently small that the
migration of the water and the movement of the ions are limited, resulting in an increase of the
electrical resistance. On thawing, the value of R1 does not return to its value before freezing oc-
curred, indicating that the dilation process of thawing of ice is affected. Microstructural changes

of the cement paste specimen caused by the freezing might be a contributing factor.

Ri: Electrical Resistance
of the Pore Water

R2: Electrical Resistance
of the C-S-H and Pore Water Interface

Ca: Electrical Capacitance
of the C-S-H and Pore Water Interface
\ C-S

-H and Pore Water Interface

Ri: Electrical Resistance
of the Unfrozen Pore Water

R2: Electrical Resistance
of the C-S-H and Ice Interface

Cd: Electrical Capacitance
of the C-S-H and Ice Interface

C-S-H and Pore Water Interface

C-S-H and Ice Interface

C-S-H and Pore Water Interface

//

Unfrozen Pore Water
(b) After Ice Formation

Fig. 4.5  Interpretation of the ACIS measurement for a cement paste subjected to the

Jfreezing and thawing cycle
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Fig. 4.6  Resistance Ri versus temperature for a cement paste specimen of w/c ratio 0.50

at 7 days hydration subjected to the freezing and thawing cycle

The resistance Rz is the resistance of the C-S-H and pore water interface of cement paste before
ice formation and the resistance of the C-S-H and ice interface after ice formation. The value of
R2 can be best described on a logarithmic scale as shown in Fig. 4.7. Figure 4.7 is a plot of resis-
tance R2, on a logarithmic scale, versus temperature for a cement paste specimen of w/c ratio 0.50
at 7 days hydration subjected to the freezing and thawing cycle. Unlike the behaviour observed in
the TMA measurement, the value of R2 increases as soon as the temperature starts decreasing
even before ice formation occurs. Its rate of change increases when ice formation is initiated ap-
proximately at —7°C. This indicates the beginning of the freezing of the water in the capillary
pores. Then the value of R2 continues to increase semi-logarithmically. As the interfacial area of
the C-S-H and pore water changes to that of the C-S-H and ice, its resistance increases. The value
of R2 does not indicate differences between the freezing in the capillary pores and the freezing in

the gel pores as apparently is the case for the TMA measurements or the value of Ri.



70

et SRR N 1 X717

‘ ‘ , ‘ ' ' l : | ,/Rf
S S, : B ; - === | OE+06

—-  L.OE+05

Resistance R2, Q

S
Freezing

|

R

-100 -80 -60 -40 -20 0 20 40

Temperature, °C
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The slope of the graph in Fig. 4.7 between 5°C and -7°C and the one between —65°C and -80°C
on freezing are approximately equal, indicating that the freezing of the water has completed at
~65°C. This is equivalent to what was shown in the TMA measurement, Fig 4.1. An increase in
the resistance R2 between —7°C and —65°C is caused by the freezing of the water. A resistance

ratio, AR can then be introduced as follows;

R
AR = Ef- (4.3)

where AR =resistance ratio

R ;= resistance at completion of freezing of water, Q

R; =resistance at beginning of freezing of water, Q
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For all of the cement paste specimens.R ;and R; can be defined as a value of resistance at

—65°C and —-7°C, respectively for the comparison purpose. For instance, the resistance ratio, AR

taken from Fig. 4.7 is calculated as follows;

Ry 1297,535Q
R; 6.179Q

AR =

=210.0 (4.9)

The value of AR provides an index of the amount of resistance increase, and hence the amount of
freezable water. The amount of freezable water obtained from the resistance R2 can be related to
the one obtained from the TMA measurement and is therefore related to the durability of cement

paste. This relation will be discussed later.

Consider the following observation related to a thawing process. According to Fig. 4.1, the
thawing does not occur until about -30°C. However, the value of R2 begins to decrease as soon as
the temperature starts to increase. This implies that there might be some melting occurring before
point G in Fig. 4.1. The pores where the melting has occurred may have been so small that the
contraction caused by melting between F and G was dominated by the expansion of the specimen
itself.

4222 The Depression Angle Parameter

The depression angle parameter is the other important parameter obtained from the ACIS meas-
urement. It does not indicate the amount of freezable water or the durability of cement paste.
However it provides valuable information for further understanding of the complex mechanism of
frost action within a cement paste specimen during a freezing and thawing cycle. The depression
angle parameter measures the extent that the semicircle is depressed below the real axis of the
complex plot as shown in Fig. 4.4. It has a value of 1.00 when there is no depression (an ideal
semicircle), and its value decreases as the depression angle, {dep increases because of their in-
verse relation shown in Eq. (2.51). As mentioned in Chapter 2, the depression angle parameter
originates from the heterogeneity and roughness of an interface. As the interface becomes more
heterogeneous and rough, the depression angle parameter decreases. Conversely, as the interface
becomes less heterogeneous and rough, the depression angle parameter approaches 1.00. The het-

erogeneity and roughness of the interface interpreted from the depression angle parameter can
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provide the explanation in detail for the behaviour of the cement paste specimen subjected to the

freezing and thawing cycle.

Figure 4.8 is a plot of the depression angle parameter versus temperature for a cement paste
specimen of w/c ratio 0.50 at 7 days hydration subjected to the freezing and thawing cycle. The
depression angle parameter starts with a value of approximately 0.953 at 5°C and decreases to
0.945 as the temperature decreases to —25°C. It then increases to about 1.00 as the temperature
decreases to ~80°C. The changes of the depression angle parameter associated with the tempera-
ture variation can be explained by the heterogeneity of the interface. Recalling Figs. 4.5 (a) and
(b), the C-S-H and pore water interface of a cement paste specimen before ice formation trans-
forms into a more complex interface that consists of the combination of the C-S-H and pore water
interface and the C-S-H and ice interface when ice formation occurs. Let us define the “C-S-H
interface” as the C-S-H and pore water interface before ice formation or the combination of the
C-S-H and pore water interface and the C-S-H and ice interface after ice formation. The “C-S-H
interface” at 5°C, in Fig. 4.5 (a), is the C-S-H and pore water interface, because the “C-S-H inter-
face” consists merely of the C-S-H and pore water interface. The “C-S-H interface” is therefore
said to be homogeneous. As the temperature decreases, however, ice formation is initiated in the
capillary pores and the “C-S-H interface” becomes the combination of the C-S-H and pore water
interface and the C-S-H and ice interface. The “C-S-H interface” is therefore said to be heteroge-
neous. This is illustrated in Fig. 4.5 (b).

As shown in Fig. 4.8, the depression angle parameter decreases since the **C-S-H interface” be-
comes more heterogeneous as ice formation takes place. At a temperature of approximately
-25°C, however, the depression angle parameter starts to increase. When the C-S-H and ice inter-
face occupies about 0% to 50 % of the *“C-S-H interface”, the increase of the C-S-H and ice inter-
face results in the more heterogeneous “C-S-H interface” and thus the decrease in the depression
angle parameter. When the C-S-H and ice interface starts to occupy more than 50 % of the “C-S-
H interface”, the increase of the C-S-H and ice interface results in the more homogeneous “C-S-H
interface”, because the C-S-H and ice interface becomes more dominant than the C-S-H and pore
water interface. It results in an increase of the depression angle parameter. This is what is hap-
pening at a temperature of approximately —25°C. The C-S-H and ice interface becomes more
dominant than the C-S-H and pore water interface at ~25°C. Then the *C-S-H interface” changes
from more heterogeneous to more homogeneous. Therefore, the depression angle parameter stops

decreasing and starts increasing at this temperature.



73

1.01

1.00
Q\ 0.99
N\

\ Fhawing 0.98
\ 0.97

Depression Angle Parameter

Fregzing \ \\ 0.96
— 0.95
0.94
-100 -80 -60 -40 -20 0 20 40

Temperature, °C

Fig. 4.8 The depression angle parameter versus temperature for a cement paste specimen

of w/c ratio 0.50 at 7 days hydration subjected to the freezing and thawing cycle

The depression angle parameter continues to increase to approximately 1.00 as the C-S-H and ice
interface occupies a greater proportion of the **C-S-H interface”. However, there is a difference in
the values between the depression angle parameter at 5°C and at —80°C. The depression angle
parameter affected by the pores fully occupied by the C-S-H and pore water interface and fully
occupied by the C-S-H and ice interface should be approximately equal in terms of heterogeneity
of the interface. However, as shown in Fig. 4.8, the value of the depression angle parameter af-
fected by the pores occupied by the C-S-H and pore water interface at 5°C is about 0.95, while
the value for the C-S-H and ice interface at —80°C is close to 1.00. The reason could be related to
the roughness of “C-S-H interface”. Figure 4.9 is an illustration of the “C-S-H interface” of a
capillary pore. Figure 4.9 (a) illustrates the C-S-H and pore water interface and Figure 4.9 (b) il-
lustrates the C-S-H and ice interface, respectively. The C-S-H consists of small gel particles
which may create a rough surface along the wall of the capillary pore as shown in Fig. 4.9 (a).
When the water in the capillary pore freezes, shown in Fig. 4.9 (b), the “C-S-H interface” be-
comes less rough and thus the increase in the depression angle parameter. Furthermore, when the

freezing takes place in the gel pores, it causes the surface of the C-S-H small particles less rough
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and leads to the further increase in the depression angle parameter. Even between 5°C and -25°C,
the “C-S-H interface” becomes less rough as soon as ice formation starts. However, the depres-
sion angle parameter decreases between 5°C and —25°C, because the effect of the heterogeneity
of the “C-S-H interface” is more dominant than that of the roughness of the **C-S-H interface”.
When the temperature falls below —25°C, the “C-S-H interface’ becomes less heterogeneous and

rough, and results even in the higher depression angle parameter at —80°C than the one at 5°C.

Capillary Pore

v

Magnified Magpnified

Ice

Get Pore and Water Small Particles of the C-S-H gel

(a) C-S-H and pore water interface (b) C-S-H and ice interface

Fig. 4.9  lllustration of the “C-S-H interface” of capillary pore

The behaviour of the depression angle parameter associated with freezing is also described by
Perron and Beaudoin (2002) as affected by the heterogeneity of a cement paste as a whole, that is,
by the pore size distribution. First, Gu et al. (1994) observed that a pore system with a narrower
pore size distribution resuited in a higher depression angle parameter, for example, porous glass
with a pore size distribution narrower than that of cement paste exhibits this behaviour. The nar-

rower pore size distribution indicates that the system has a more homogeneous pore size. Perron
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and Beaudoin (2002) applied this observation to explain the increase of the depression angle pa-
rameter as ice formation takes place. A cement paste has a relatively broad pore size distribution.
For instance, when ice formation is initiated in a large capillary pore and ice crystal fills the pore
as shown in Fig. 4.5 (b), the unfrozen spaces of the pore can be considered as two smaller pores
which would be uniform in size relative to other pores in which ice formation has not been initi-
ated. Eventually, the unfrozen spaces of the cement paste at —-80°C become very uniform, that is;
the pore size distribution becomes narrower. The depression angle parameter, therefore, increases

as the temperature decreases.

4.3 Effects of Water/Cement Ratio and Hydration Period

In the previous section, the mechanism of frost action of the selected cement paste specimen was
interpreted from the coupled ACIS-TMA measurement. In this section, the coupled ACIS-TMA
measurements will be compared for the cement paste specimens with respect to various w/c ratios
and hydration periods. It is to establish the relationship between the ACIS and TMA measure-
ments and to investigate the potential of the ACIS technique for determining the durability of ce-
ment paste on freezing and thawing. The cement paste specimens were prepared for w/c ratios of
0.35, 0.40, 0.50 and 0.60 and hydration periods of | day, 3 days, 7 days and 28 days.

4.3.1 TMA

The previous section explained the microstructural behaviour and mechanism of frost action
within the selected cement paste specimen. In this section, the durability of the cement paste
specimens to freezing and thawing will be discussed based on the total and irrecoverable expan-
sion, defined previously in Section 4.2.1. The values of total and irrecoverable expansion for each
cement paste specimen are shown in Appendix A. The TMA measurements of the cement paste
specimens of w/c ratio 0.40 for 1 day, 3 days, 7 days and 28 days hydration periods are shown in
Fig. 4.10. As described in the previous section, the cement paste specimens expand, at any stage

of hydration, when they are subjected to the freezing process.
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Fig. 4.10  Length change versus temperature for the cement paste specimens of w/c ratio
0.40 at I day, 3 days, 7 days and 28 days hydration

Figure 4.10 shows that as the degree of hydration increases, the total expansion decreases. In
older cement paste specimens, there is less water which has not reacted with cement (capillary
water); thus less freezable water to cause the total expansion. This is consistent not only for the
specimens of w/c ratio 0.40, but also for the specimens of w/c ratio 0.35, 0.50 and 0.60. This can
be observed in Fig. 4.11, which is the graph of the total expansion versus hydration period of w/c
ratio 0.35, 0.40, 0.50 and 0.60. The total expansion decreases with the higher degree of hydration.
However, the specimens of w/c ratio 0.60 had a unique behaviour. The total expansion of the
specimens of w/c ratio 0.60 increases between 1 day and 7 days hydration. The total expansion at
28 days hydration, however, decreases as expected. There may have been some inhomogeneity in
the specimens of w/c ratio 0.60 resulting from preparation of very high w/c ratio specimens.
Figure 4.11 also indicates that, at each hydration period, the higher the w/c ratio, the greater is the
total expansion. This is because the specimens with the higher w/c ratio have more freezable wa-
ter, and thus greater total expansion. The irrecoverable expansion observed at the end of a freez-

ing and thawing cycle is also dependent on the degree of hydration.
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Fig. 4.11 Total expansion versus hydration period for various w/c ratios

Figure 4.12 is the graph of the irrecoverable expansion versus hydration period of w/c ratio 0.35,
0.40, 0.50 and 0.60. The cement paste specimens at the higher degree of hydration have less irre-
coverable expansion and are more durable. Considering Figs. 4.11 and 4.12, it is clear that the
amount of freezable water in a cement paste specimen obtained from the total expansion is the

primary factor which determines its irrecoverable expansion, and hence durability.

It should be recalled that the amount of capillary water decreases and the amount of gel water
increases as the hydration continues. These phenomena can be observed from Fig. 4.10 as well.
The sudden expansion at approximately —8°C for each hydration period is caused by the freezing
in the large capillary pores. At 1 day hydration, the sudden expansion is about 400 pm/m; it de-
creases to about 100 um/m at 28 days hydration, indicating the presence of more capillary water
in younger cement pastes. More expansion tends to occur below —40°C, as hydration takes place.
This is because that the amount of capillary water, which freezes above —40°C, decreases with

hydration and the amount of gel water, which freezes below —40°C, increases with hydration.
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Fig. 4.12 [Irrecoverable expansion versus hydration period for various w/c ratios

Figure 4.13 shows the length change versus temperature of the cement paste specimens of w/c
ratio 0.35, 0.40, 0.50 and 0.60, at 28 days hydration. It is obvious that the cement paste specimens
with the higher w/c ratio have the greater total and irrecoverable expansion. Most of the expan-
sion that occurred for the cement paste specimens of w/c ratio 0.35 and 0.40 is caused by the
freezing of gel water, since the most of the expansion occurred below —40°C, however, a rela-
tively large expansion occurred above —40°C for the cement paste specimens of w/c ratio 0.50
and 0.60, indicating that there is still a large amount of capillary water in specimens of w/c ratio

0.50 and 0.60 even at 28 days hydration.

4.3.2 ACIS

4.3.2.1 Resistance R2

The resistance R2, obtained from the ACIS measurement provides useful information on the mi-

crostructural behaviour of the cement paste specimen during the freezing and thawing cycle. The
amount of freezable water can be represented by the resistance ratio, AR defined earlier. This ratio

is also related to the amount of freezable water obtained from the TMA measurement, and thus to
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the durability of cement paste. In terms of investigation of durability, the value of R2 is a more

informative parameter than that of R1. The value of R2, therefore, is the focus of the discussion in

the following section.
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Fig. 4.13  Length change versus temperature for the cement paste specimens of w/c ratio

0.35, 0.40, 0.50 and 0.60 at 28 days hydration

Graphs shown in Fig. 4.14 are the plots of the resistance R2, versus temperature for the cement

paste specimens of w/c ratio 0.40 at 1 day, 3 days, 7 days and 28 days hydration. The value of R2

is plotted on the logarithmic scale. The value of R2, at 5°C, indicates the extent of hydration of the

cement paste specimens. The value of R2 at 5°C of the specimen at 1 day hydration is approxi-

mately 5,000 Q whereas the one at 28 days hydration is 50,000 .

This is simply owing to the fact that the cement paste specimen at 1 day hydration contains more

capillary water and conducts more electricity than the one at 28 days hydration. The R2 curve of

the specimen at 1 day hydration increases almost constantly as the temperature decreases,

whereas the R2 curves of the other specimens have variations in their slopes. Since the cement

paste specimen is very porous and not well developed at 1 day hydration, ice formation can take
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place without much restriction by the C-S-H gel. Ice formation in older specimens occurs with

less freezable water and a very different microstructure.
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Fig. 4.14  Resistance R2 versus temperature for the cement paste specimens of w/c ratio

0.40 at 1 day, 3 days, 7 days and 28 days hydration

The resistance ratio, AR obtained from the resistance R2 corresponds to the amount of freezable

water. The values of resistance ratio for each cement paste specimen were calculated and are

shown in Appendix A. The resistance ratio, AR was calculated and plotted against the hydration
period in Fig. 4.15 for the specimens of w/c ratio 0.35, 0.40, 0.50 and 0.60. It is clear that the

value of AR decreases as hydration takes place, since the greater the hydration period, the lower is

the amount of freezable water. The behaviour observed in Fig. 4.15 is similar to the total expan-

sion observed in Fig. 4.11, because the total expansion obtained from the TMA measurement and

the resistance ratio, AR from the ACIS measurement both represent the amount of freezable water

in the cement paste specimen. In other words, since the total expansion corresponds to the
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irrecoverable expansion representative of the durability of cement paste, the value of AR can also

be considered as a meaningful parameter to investigate the durability of cement paste.
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Fig. 4.15 Resistance ratio, AR versus hydration period for various w/c ratios

Figure 4.15 also indicates that the cement paste specimens contain a greater amount of freezable
water as w/c ratio becomes higher. The cement paste specimens with a relatively lower w/c ratio
have a significantly reduced amount of freezable water in the first 7 days. The specimens of a
relatively higher w/c ratio have a gradually reduced amount of freezable water. At | day hydra-
tion, the value of AR is not necessarily in order in terms of the w/c ratios. The value of AR of the
specimen with higher w/c ratio was expected to be higher. This might be due to the effect of un-

hydrated cement and a greater degree of hydration at 1 day for the higher w/c ratio preparation.

Figure 4.16 shows the plots of the resistance R2 versus temperature for the cement paste speci-
mens of w/c ratio 0.35, 0.40, 0.50 and 0.60 at 28 days hydration. As w/c ratio increases, the value
of R2 at 5°C decreases. The value of R2 at 5°C, wi/c ratio 0.35, is approximately 66,500 Q
whereas the specimen of w/c ratio 0.60 is 20,700 Q, indicating that the cement paste specimen of
w/c ratio 0.60 has more capillary water than that of w/c ratio 0.35 even after 28 days of hydration.

Also, as wi/c ratio increases, the specimens experience greater hysteresis.
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Fig. 4.16 Resistance R2 versus temperature for the cement paste specimens of w/c ratio
0.35, 0.40, 0.50 and 0.60 at 28 days hydration

4322 The Depression Angle Parameter

The depression angle parameter obtained from the ACIS measurement reflects heterogeneity and
roughness of the “*C-S-H interface” as previously defined. Graphs plotted in Fig. 4.17 are the de-
pression angle parameter versus temperature for the cement paste specimens of w/c ratio 0.40 at 1
day, 3 days, 7 days and 28 days hydration. Specimens at 3 days and 7 days hydration show a
similar behaviour to that described previously. The depression angle parameter decreases as the
temperature decreases to about -25°C as the *“C-S-H interface™” becomes more heterogeneous.
Then, the parameter starts increasing at —25°C as the C-S-H and ice interface occupies more than
50% of the “C-S-H interface”. The roughness of the “C-S-H interface” increases the value of the

depression angle parameter as the temperature approaches —80°C.
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Fig. 4.17  Depression angle parameter versus temperature for the cement paste specimens

of w/c ratio 0.40 at [ day, 3 days, 7 days and 28 days hydration

Unlike the specimens at 3 days and 7 days hydration, the specimen at 28 days hydration has a
different behaviour for the depression angle parameter. The depression angle parameter does not
decrease between 5°C and -25°C, but increases as the temperature starts decreasing from 5°C.
Furthermore, the value of the depression angle parameter at 5°C for the 28 days hydration speci-
men is lower than those values for the 3 days and 7 days hydration specimens. It is recalled that
the hydration of cement paste is a process involving growth of the C-S-H particles into the capil-
lary pores; this causes the “C-S-H interface” to be rougher. The depression angle parameter can,
therefore, be expected to be lower as the hydration takes place. A possible explanation for the
behaviour that the depression angle parameter increases as the temperature decreases from 5°C is
that the amount of capillary pores is lower at a higher degree of hydration. Therefore, even

though there is an effect of heterogeneity of the “C-S-H interface”, it is not as dominant as it is
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for younger specimens. The effect of roughness of the “C-S-H interface™ becomes more signifi-
cant and the depression angle parameter continues to increase as the temperature falls to -80°C.
The specimen at I day hydration also has a different behaviour. The depression angle parameter
decreases its value to the minimum where ice formation is initiated. Then the parameter starts
increasing and approaches about 1.00 at -80°C. The ice crystals grow and fill up the capillary
pores rapidly without any physical restriction by the C-S-H gel, since the C-S-H gel itself has not
been well developed at 1 day hydration. The heterogeneity of the “C-S-H interface”, therefore,

does not play a significant role, but the roughness of the “C-S-H interface” does.

4.4 Effect of Wollastonite Micro-Fibre Reinforcement

The potential of the ACIS measurement as one of the practical methods for investigating the du-
rability of cement paste was discussed in the previous section. In this section, the durability of the
wollastonite micro-fibre reinforced cement paste will be examined by the coupled ACIS-TMA
measurements. The variation of wollastonite content was 0%, 5.1%, 8.1 % and 10.2% by volume.
The cement paste specimens at each wollastonite content were prepared for w/c ratio 0.35, 0.40,
0.50 and 0.60. The hydration periods of 1 day, 3 days, 7 days and 28 days were used. The test
matrix is given in Table 3.1. Although the hydration period varies from 1 day to 28 days, empha-
sis will be given to the properties of the cement paste specimens at 28 days hydration with vari-

ous wollastonite contents.

44.1 TMA

As mentioned previously, the TMA measurement provides both the total and irrecoverable ex-
pansion. The magnitude of each deformation represents the amount of freezable water and dura-
bility of cement paste, respectively. Figure 4.18 is a plot of the irrecoverable expansion versus
wollastonite micro-fibre content for the cement paste specimens at 28 days hydration after a sin-
gle freezing and thawing cycle for various w/c ratios. As the graph indicates, the values of the
irrecoverable expansion of the cement paste specimens after the single freezing and thawing cycle

increase as the wollastonite content increases from 0% to 8.1%; however, they decrease as the
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wollastonite content increases to 10.2%. Comparing values of the irrecoverable expansion of the
cement paste specimens containing 0% and 10.2% wollastonite content indicates that the addition
of the wollastonite micro-fibres does not significantly improve the durability of the specimen of
w/c ratio 0.35. However, the durability for each specimen of w/c ratio 0.40, 0.50 and 0.60 is sig-
nificantly improved. The value of the percentage improvement of durability between 0% and
10.2% wollastonite content for each wi/c ratio is presented in the graph. Mixing the cement paste
matrix with wollastonite micro-fibres at w/c ratio as low as 0.35 was done with some difficulties
in terms of workability. Some variation in homogeneity may have occurred. However, it is unre-
alistic to expect large improvement when the durability is already excellent without the wollasto-

nite micro-fibres.
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Fig. 4.18 Irrecoverable expansion versus wollastonite content for the cement paste

specimens at 28 days hydration for various w/c ratios

The graph shown in Fig. 4.19 is a plot of the total expansion versus the wollastonite content for
the cement paste specimens at 28 days hydration after a single freezing and thawing cycle for
various w/c ratios. The values of the total expansion for cement paste specimens of w/c ratio 0.35,
0.40 and 0.50 increase as the wollastonite content increases from 0% to 5.1%. Then the values of
the total expansion for cement paste specimens of w/c ratio 0.35 and 0.40 decrease as the wollas-

tonite content increases to 10.2%. On the other hand, the value of the total expansion for cement
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paste specimens of w/c ratio 0.50 increases as the wollastonite content increases to 8.1% and it
decreases as the wollastonite content increases to 10.2%. For the cement paste specimens of w/c
ratio 0.60, the value of the total expansion is constant as the wollastonite content increases to
8.1% and it decreases as the wollastonite content increases to 10.2%. Comparing values of the
total expansion of the cement paste specimens containing 0% and 10.2% wollastonite content
indicates that the durability for each specimen of w/c ratio 0.40, 0.50 and 0.60 is significantly
improved. This is similar to the observations for the irrecoverable expansion in Fig. 4.18. The
values of the total expansion for the specimens containing 10.2% wollastonite content are lower
than those without the wollastonite content. This implies that the total expansion of the cement

paste specimen is the primary factor that determines its irrecoverable expansion, hence durability.
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Fig. 4.19 Total expansion versus wollastonite content for the cement paste specimens at 28

days hydration for various w/c ratios

442 ACIS

44.2.1 Resistance R2

The resistance ratio, AR obtained from the resistance R2 corresponds to the amount of freezable

water. The resistance ratio, AR of the cement paste specimens at 28 days hydration were plotted
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against the wollastonite content for various w/c ratios and shown in Fig. 4.20. The value of AR for
each w/c ratio increases as the wollastonite content increases from 0% to 5.1%. The cement paste
specimens decrease their values of AR as the wollastonite content increases to 8.1%, except that
the cement paste specimen of w/c ratio 0.60 increases its value of AR. Then, including the speci-
men of w/c ratio 0.60, the values of AR decrease as the wollastonite content increases to 10.2%. A
comparison of the values of AR for the cement paste specimens with the 0% and 10.2% wollasto-
nite content indicates that it does not significantly improve the specimen of w/c ratio 0.35. How-
ever, the value of AR for each specimen prepared for wi/c ratio 0.40, 0.50 and 0.60 is significantly
improved. This is a similar trend to that observed for the TMA measurement, and also indicates

that the ACIS measurement has a potential as a reliable tool to examine the durability of cement

paste.
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Fig. 4.20 Resistance ratio, AR versus wollastonite content for the cement paste specimens

at 28 days hydration for various w/c ratios

Figure 4.21 is the resistance ratio, AR versus hydration period for the cement paste specimens
containing 10.2% wollastonite micro-fibres for various w/c ratios. The values of AR decrease as
the hydration takes place. This behaviour is similar to Fig. 4.15, which is the value of Ar of the

cement paste specimens without the wollastonite micro-fibres. The effect of the wollastonite mi-
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cro-fibre reinforcement is to increase the resistance ratio, AR at 1 day and 3 days hydration rela-
tive to the specimens without wollastonite micro-fibres. The effect for the two low w/c ratio

specimens is similar at 7 days hydration. Differences are not significant for all specimens at 28

days hydration.
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Fig. 4.2]1 Resistance ratio, AR versus hydration period for the cement paste specimens

containing 10.2% wollastonite micro-fibres for various w/c ratios

4422 The Depression Angle Parameter

The effect of the wollastonite micro-fibre reinforcement on the cement paste specimens observed
from the depression angle parameter was investigated. Figure 4.22 shows the plots of the depres-
sion angle parameter, versus temperature, for the cement paste specimens of w/c ratio 0.40 at 28
days hydration for the wollastonite content of 0%, 5.1%, 8.1% and 10.2%. As shown previously
in Fig. 4.17, the depression angle parameter for the plain cement paste specimen at 28 days hy-
dration starts to increase as soon as the temperature starts to decrease from 5°C. The roughness of
the “C-S-H interface’” becomes more significant at a higher degree of hydration, whereas the val-
ues of the depression angle parameter of the cement paste specimens at 3 days and 7 days hydra-
tion decrease as the temperature falls to —25°C because of the heterogeneous “C-S-H interface”.

Then the parameter approaches 1.00 as the ice crystals fill the pores and the “C-S-H interface™

becomes more homogeneous.
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The depression angle parameter for each wollastonite content shown in Fig. 4.22 starts increasing
as the temperature starts decreasing from 5°C regardless of the wollastonite content. This indi-
cates that the roughness of the “C-S-H interface” is more dominant than the heterogeneity of the
“C-S-H interface’ regardless of the wollastonite content. The fact that the wollastonite micro-fi-
bres reinforcement produces even rougher “C-S-H interface” can be observed from the behaviour
of specimens containing 8.1% and 10.2% wollastonite. The graphs of the depression angle pa-
rameter of these specimens have a large hysteresis while the graphs of the depression angle pa-
rameter of the specimens containing 0% and 5.1% wollastonite micro-fibres have no hysteresis.
This indicates that the values of the depression angle parameter of the specimens containing 8.1%

and 10.2% wollastonite started with lower values at 5°C because the 8.1% and 10.2% wollasto-
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The effect of the wollastonite micro-fibre reinforcement at various hydration periods is illustrated

in Fig. 4.23. The four graphs shown in Fig. 4.23 are the plots of the depression angle parameter

versus temperature for the cement paste specimens of w/c ratio 0.40 and the wollastonite content

of 10.2% at | day, 3 days, 7 days and 28 days hydration. A comparison with Fig. 4.17, which

shows the graphs of the depression angle parameter for plain cement paste specimens, is instruc-

tive. The values of depression angle parameter have similar behaviour regardless of the wollasto-

nite content. As discussed previously, the wollastonite micro-fibre reinforcement could produce

rougher *C-S-H interface™ and thus more domination of the roughness of the **C-S-H interface”

than its heterogeneity. However, Fig. 4.23 does not show any significant effect of the wollastonite

micro-fibre reinforcement on the depression angle parameter.
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CHAPTER 5

RESULTS AND DISCUSSION:
The DSC Experiment

5.1 Introduction

The main objective of the Differential Scanning Calorimetry (DSC) experiment is to support the
interpretation of phenomena observed in the coupled ACIS-TMA measurement. By measuring
the heat flow of a cement paste specimen subjected to a freezing and thawing cycle, phenomena
occurring within the cement paste specimen can be explained. Mixes of cement paste specimens
prepared for the DSC experiment were identical to those prepared for the coupled ACIS-TMA

experiment and listed in Table 3.1.

This chapter will discuss the results in three stages. First, a typical DSC measurement of one of
the cement paste specimens will be chosen and its microstructural behaviour and mechanism of
frost action occurring within the specimen will be interpreted in detail. Then, the DSC measure-
ments of the cement paste specimens with no wollastonite micro-fibre reinforcement will be
compared on the basis of w/c ratio and hydration period. Finally, the effect of the wollastonite
micro-fibre reinforcement on freezing and thawing behaviour of cement paste will be discussed

with respect to the DSC measurements.



5.2 Microstructural Behaviour and Mechanism of Frost Action of Cement

Paste Subjected to a Freezing and Thawing Cycle

The DSC measures the heat flow into or out of a substance associated with phase transitions.
Phase transitions can then be detected as peaks in a plot of the apparent specific heat capacity
versus temperature. An area under each peak with a linear baseline is the amount of heat per unit
mass of the substance. The actual amount of water that freezes or melts during the phase transi-
tion per unit mass of the substance can therefore be calculated using Eq. (2.58). Figure 5.1 (a) isa
typical plot of the apparent specific heat capacity versus temperature obtained from the DSC
measurement for a cement paste specimen of w/c ratio 0.40 at 7 days hydration. Figures 5.1 (b)
and (c) are the magnified plots of the freezing and thawing sections shown in Fig. 5.1 (a), respec-
tively. As shown in Fig. 5.1 (b), the beginning of freezing can be observed as a peak at about
-8°C, indicating that a large amount of capillary water has rapidly frozen. The water in the
smaller capillary pores freezes as the temperature decreases further. Another peak can be ob-
served at about —40°C, indicating that the gel water starts freezing at this temperature. On thaw-
ing shown in Fig. 5.1 (c), the value of the apparent specific heat capacity decreases gradually,

then has a peak at a temperature close to 0°C.

The actual amount of water frozen or melted per unit mass of a cement paste specimen can be
calculated by obtaining the area under the curve. On freezing, the area under the curve is divided
above and below the temperature —40°C as shown in Fig. 5.1 (b). The actual amounts of water per
unit mass calculated from the area under the curve above and below —40°C are denoted as wf+40
and wf-40. Also wtis the actual amount of ice melted per unit mass on thawing. The area under
each curve was calculated by the software, Universal Analysis of TA Instruments. For instance, if
the values of the area under the curve above and below —40°C were obtained as 12.07 J/g and
13.75 J/g respectively, then the values of wf+0 and wt-40 can be calculated by using Eq. (2.58) as

follows. For the sake of clarity, the unit mass of substance and water are denoted as g, ance and

S water respectively.
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- ( 12.07 )/ gsubsuncc) (5.2)
(334.73 /g water )
=0.036 g water/ B substance G-3)

where  wf+0 = the actual amount of water frozen above the temperature —40°C per unit

mass of cement paste specimen, g y..ec/8 substance

qp

W40 = ——— 54)
f
= ( 13.75 J/gsubs!ancc) (5-5)
(334.73)/g ater )
=0.041 g watcr/ £ substance (5.6)

where w40 = the actual amount of water frozen below the temperature —40°C per unit

mass of cement paste specimen, g yaier/8 substance

In this example, the amount of water frozen above —40°C and the amount of water frozen below

—40°C per unit mass of the cement paste specimen were 0.036 £ y..cr/8substance and 0.041

B water /] 8 substance respectively.

5.3 Effects of Water/Cement Ratio and Hydration Period

The values of wf+40, wf-40 and wt were calculated for the cement paste specimens of w/c ratio
0.35, 0.40, 0.50 and 0.60 for the hydration periods of 1 day, 3 days, 7 days and 28 days without
the wollastonite micro-fibre reinforcement. The results of calculation are presented in Appendix
B. The values of the wf+40 and wf-0 were plotted against hydration period for various w/c ratios

and are shown in Fig. 5.2.

It clearly shows that the value of wr+40 decreases and the value of wf-40 increases with hydration.

In other words, the amount of water which has frozen above the temperature —-40°C decreases and
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The amount of water frozen above —40°C, wf+40 and the amount of water frozen

below —40°C, wr0 versus hydration period for various w/c ratios
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the amount of water which has frozen below the temperature —40°C increases as hydration takes
place. Recalling that the amount of capillary water decreases and the amount of gel water in-
creases with hydration, it is apparent that the values of wf+40 and wf-0 represent the amount of
capillary water and the amount of gel water in a cement paste specimen, respectively. This agrees
with the observation in the coupled ACIS-TMA measurement. The TMA measurement indicated
that the freezing started in the large capillary pores (50 — 100 nm) at approximately —7°C and the
water in smaller capillary pores started freezing as the temperature decreased. The capillary water
completed freezing at about —40°C. Then the supercooled water in gel pores started freezing at —

40°C. Those phenomena correspond to the observation in the DSC measurement.

Figures 5.3 (a) and (b) show the plots of wf+40 and wr0 versus w/c ratio for various hydration
periods. As shown in Fig. 5.3 (a), the value of wf+40 for each hydration period increases as w/c
ratio increases, whereas the value of wfo, shown in Fig. 5.3 (b), does not significantly change re-
gardless of w/c ratio. This is owing to the fact that the amount of gel water is determined by the
C-S-H gel, which is the hydration product. The amount of the C-S-H gel is mainly dependent on
the hydration period at a given w/c ratio, but independent of w/c ratio at a given hydration period
especially at the early stage of hydration. This explains the results obtained in Fig. 5.3 (b). Figure
5.3 (a) also illustrates that the higher the degree of hydration, the lower is the amount of capillary
water. Figure 5.3 (b) shows that the higher the degree of hydration, the greater is the amount of
gel water.

The amount of water thawed, wt is plotted in Fig 5.4 against hydration period for various w/c ra-
tios. The amount of water thawed should be equal to or slightly less than the summation of we+40
and wr—o taking the loss of moisture during the experiment into consideration. In other words, the
amount of water thawed is the amount of freezable water in a cement paste specimen and there-
fore should be similar to the observation in Figs. 4.11 and 4.15 which are the amount of freezable

water obtained from the TMA and ACIS measurements respectively.
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[frozen below —40°C, wy—0 versus w/c ratio for various hydration periods

5.4 Effect of Wollastonite Micro-Fibre Reinforcement

The amount of water frozen above and below —40°C and the amount of water thawed were cal-

culated for the cement paste specimens containing the wollastonite content of 0%, 5.1%, 8.1%

and 10.2% and are presented in Appendix B. At a given wollastonite micro-fibre content, the ef-

fects of w/c ratio and hydration period are similar to those without wollastonite micro-fibres. For

example, Figs 5.5 (a) and (b) illustrate each of the values wf+40 and we—40 versus w/c ratio for the
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cement paste specimens containing 10.2 % wollastonite content for various hydration periods.
Figure 5.5 (a) shows that the value of wr+o for each hydration period increases as w/c ratio in-
creases and also that the higher the degree of hydration, the lower is the amount of capillary wa-
ter. Figure 5.5 (b) illustrates that the value of w0 does not significantly change regardless of w/c
ratio, as observed in Fig. 5.3 (b). It also indicates that the higher the degree of hydration, the

greater is the amount of gel water.
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Fig. 5.4 The amount of water thawed, w: versus hydration period for various w/c ratios

Figures 5.6 (a) and (b) are the plots of the values of wr+40 and wf—0 versus wollastonite content
for the cement paste specimens at 28 days hydration for various w/c ratios. The values of wf+40 of
the cement paste specimens of w/c ratio 0.35, 0.40 and 0.50, shown in Fig 5.6 (a), are similar in
character. The values of we+0 decrease as the wollastonite content increases to 5.1%, then they
increase as the wollastonite content increases to 8.1%, and slightly decrease as it increases to
10.2%. The value of wf+40 of the cement paste specimen of w/c ratio 0.60, however, decreases as
the wollastonite content increases. The cement paste specimens of w/c ratio 0.35, 0.50 and 0.60 in
Fig. 5.6 (b), have similar behaviour to the cement paste specimens of w/c ratio 0.35, 0.40 and
0.50, shown in Figure 5.6 (a). The cement paste specimen of w/c ratio 0.40, however, has a

unique behaviour.
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Fig. 5.5  (a) The amount of water frozen above —40°C, wr+40, and (b) the amount of the
water frozen below —40°C, wf—0 versus w/c ratio for the cement paste specimens

containing 10.2% wollastonite content for various hydration periods

Figure 5.7 shows a plot of the amount of water thawed, wt, versus wollastonite content for vari-
ous w/c ratios. The values of wt in Fig. 5.7 should be similar to the values plotted in Figs. 4.19
and 4.20, i.e. the amount of freezable water obtained from the TMA and ACIS measurements re-
spectively, since the amount of water thawed should be equal to the amount of freezable water.
The values of wt in Fig. 5.7 decrease when the wollastonite content increases to 5.1%. However,
the cement paste specimens containing 10.2% wollastonite content have a lower amount of water
thawed, or frozen, than those without the wollastonite micro-fibres. This was also observed from
the ACIS-TMA measurements as well. It can be explained by the dilation effect as wollastonite

micro-fibres replace the cement paste volume which would contain water.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
RESEARCH

6.1 Introduction

This study had three primary objectives: to further the understanding of the mechanism of frost
action within cement paste subjected to freezing and thawing; to investigate the potential of the
ACIS as a possible technique to determine the durability of cement paste with respect to freezing
and thawing; to investigate the durability of the wollastonite micro-fibre reinforced cement paste
to freezing and thawing. In order to accomplish these three objectives, two main experiments
were conducted: the coupled ACIS-TMA experiment and the DSC experiment. The coupled
ACIS-TMA experiment was designed to further the understanding of the complex mechanism of
frost action within cement paste and to investigate the potential of the ACIS technique for deter-
mining the durability of cement paste. The durability of the wollastonite micro-fibre reinforced
cement paste to freezing and thawing was then investigated applying the coupled ACIS-TMA
experiment. The DSC experiment was designed to support the interpretation of phenomena ob-

served in the coupled ACIS-TMA experiment.

This chapter will present the conclusions in three stages. First, the specific findings in each ex-
periment will be presented. Then the overall conclusions of the study will be given. Finally, the

recommendations for future research will be provided.



102

6.2 Specific Findings in the Coupled ACIS-TMA Experiment

6.2.1 Microstructural Behaviour and Mechanism of Frost Action of Cement Paste

Subjected to a Freezing and Thawing Cycle

6.2.1.1 TMA

l.

The nucleation of ice was initiated in the capillary pores approximately at —=7°C. The water
was pushed out of capillary pores generating a hydraulic pressure; ice formation resulted in a
9% increase in volume.

The greater the degree of supercooling, the more rapid is the ice crystal growth. Therefore,
the ice crystal growth depends mainly on the pore size; the water in the smaller pores experi-
ences a greater degree of supercooling.

The expansion is caused not only by the hydraulic pressure, but also by the migration of the
pore water itself. When the temperature was held constant at —21.3°C, the supercooled water
in the gel pores migrated into the capillary pores and caused the expansion.

The freezing of the water in most of the capillary pores was completed at a temperature of
approximately ~40°C. Then, the freezing of the water in the gel pores was initiated. It was
completed at a temperature of approximately —65°C.

The total expansion was related to the total amount of water frozen in a cement paste speci-
men during a single freezing and thawing cycle.

The pore water did not melt at precisely 0°C owing to the depression of the melting tempera-
ture. The melting temperature of the water for a given pore size was higher than the freezing
temperature of the water for the same pore size.

The irrecoverable expansion was defined as the residual deformation after the single freezing

and thawing cycle; this is often referred to as a durability indicator.

6.2.12 ACIS

L.

The value of R1 represents the electrical resistance of the pore water before ice formation
occurs while the values of R2 and Cd represent the resistance and capacitance behaviour of
the C-S-H and pore water interface, respectively. The value of R1 after ice formation, repre-

sents the electrical resistance of the unfrozen pore water while the values of R2 and Ca
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represent the resistance and capacitance behaviour of the C-S-H and ice interface,
respectively.

The value of R1, electrical resistance of the unfrozen pore water, decreased as the tempera-
ture decreased. The pore water of cement paste contained dissolved substances which acted
as the electrolytes. The ice formed during a freezing process excluded these substances and
resulted in a higher concentration of salts in the unfrozen pore water. Therefore, the charge
was carried more easily and resulted in a lower electrical resistance.

The value of Rz, electrical resistance of the C-S-H and ice interface, indicated that the ice
formation was initiated approximately at —7°C and the freezing of water was completed ap-
proximately at —-65°C.

A resistance ratio, AR was defined as the ratio of the value of R2 at -65°C to the one at ~7°C
and corresponded to the amount of water frozen in a cement paste specimen during a single
freezing and thawing cycle.

The value of R2 indicated that the melting of a very small amount of water occurred below
-30°C on thawing.

The depression angle parameter represents the heterogeneity of the C-S-H and pore water
interface before ice formation. It becomes representative of the heterogeneity of an interface
that consists of the combination of the C-S-H and pore water interface and the C-S-H and ice
interface after ice formation occurs. The term “C-S-H interface” was defined as the C-S-H
and pore water interface before ice formation or the combination of the C-S-H and pore wa-
ter interface and the C-S-H and ice interface after ice formation.

The depression angle parameter indicated that about 50% of the “C-S-H interface™ was oc-
cupied by the C-S-H and ice interface at a temperature of approximately —25°C.

The depression angle parameter also represents the roughness of the “C-S-H interface”. The
roughness of the *“C-S-H interface” before ice formation is greater than that after ice forma-

tion.

6.2.2 Effects of Water/Cement Ratio and Hydration Period

6.22.1 TMA

L.

The total expansion increased as the w/c ratio increased. The higher the w/c ratio, the higher

is the amount of freezable water to cause the total expansion.
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The total expansion decreased as the hydration period increased. The higher the degree of
hydration, the lower is the amount of water which has not reacted with cement; thus the
lower is the amount of freezable water to cause the expansion.

The irrecoverable expansion increased as the w/c ratio increased. The higher the w/c ratio,
the less durable is a cement paste specimen.

The irrecoverable expansion decreased as the hydration period increased. The higher the de-
gree of hydration, the more durable is the cement paste specimen.

The amount of freezable water in a cement paste obtained from the total expansion is the
primary factor which determines its irrecoverable expansion, and hence durability.

The amount of capillary water, which froze above 40°C decreased and the amount of gel

water, which froze below —40°C increased with hydration period.

6.2.2.2 ACIS

1.

The resistance ratio, AR obtained from the resistance Rz, increased as the w/c ratio increased.
The higher the w/c ratio, the higher is the amount of freezable water.

The resistance ratio, AR decreased as the hydration period increased. The higher the degree of
hydration, the lower is the amount of freezable water.

Both of the resistance ratio, AR obtained from the ACIS measurement and the total expansion
obtained from the TMA measurement represent the amount of freezable water in a cement
paste specimen. Therefore, the resistance ratio can be considered as a primary index which
indicates the durability of cement paste, since the amount of freezable water is the primary
factor which determines its durability.

At a room temperature, the lower the w/c ratio and the higher the degree of hydration, the
higher was the resistance R2. A cement paste specimen with the lower w/c ratio at the higher
degree of hydration contains a lower amount of capillary water and conducts less electricity.
As hydration takes place, the influence of the roughness of the “C-S-H interface™ on the de-
pression angle parameter above the temperature of —25°C becomes more dominant than the
influence by the heterogeneity of the “C-S-H interface”. The *“C-S-H interface” becomes
rougher with hydration period, as the hydration of cement paste is a process involving

growth of the C-S-H particles into the capillary pores.
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6.2.3 Effect of Wollastonite Micro-Fibre Reinforcement

6.23.1 TMA

1.

(S

The irrecoverable expansion for the cement paste specimens of w/c ratio 0.35, 0.40, 0.50 and
0.60 at 28 days hydration increased as the wollastonite content increased from 0% to 8.1%:
however, it decreased as the wollastonite content increased to 10.2%.

Comparing the irrecoverable expansion of the cement paste specimens containing the 0%
and 10.2% wollastonite content at 28 days hydration indicated that the wollastonite micro-fi-
bre reinforcement did not significantly improve the durability for the specimen of w/c ratio
0.35, but did improve the durability for the specimens of w/c ratio 0.40, 0.50 and 0.60.

The total expansion had a similar behaviour to the irrecoverable expansion. The values of the
total expansion for the cement paste specimens containing 10.2% wollastonite content with
w/c ratio 0.40, 0.50 and 0.60 were lower than those for the cement paste specimens with no

wollastonite content.

6.2.3.2 ACIS

1.

!\)

The resistance ratio, AR of the cement paste specimens of w/c ratio 0.35, 0.40, 0.50 and 0.60
at 28 days hydration increased as the wollastonite content increased from 0% to 5.1%. The
specimens decreased the values of AR as the wollastonite content increased to 8.1%, except
the specimen of w/c ratio 0.60 increased its value of AR.

A comparison of the resistance ratio, AR with the 0% and 10.2% wollastonite content at 28
days hydration indicated that the wollastonite micro-fibre reinforcement did not significantly
improve the durability for the specimen of w/c ratio 0.35, but did improve the durability for
the specimens of w/c ratio 0.40, 0.50 and 0.60.

The observation regarding the effect of the wollastonite micro-fibre reinforcement obtained
from the value of AR was very similar to the one obtained from the TMA measurement. This
indicates that the ACIS measurement has a potential as a reliable technique to determine the
durability of cement paste.

At 28 days hydration, the influence of the roughness of the “C-S-H interface™ on the depres-
sion angle parameter was more dominant, regardless of wollastonite content, than the influ-
ence of the heterogeneity of the “C-S-H interface™.

The values of the depression angle parameter of the specimens containing 8.1% and 10.2%

had a large hysteresis after a single freezing and thawing cycle, while the ones containing
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0% and 5.1% wollastonite micro-fibres had no hysteresis. This indicates that the 8.1% and

10.2% wollastonite micro-fibre reinforcement caused rougher *C-S-H interface™.

6.3 Specific Findings in the DSC Experiment

6.3.1 Microstructural Behaviour and Mechanism of Frost Action of Cement Paste

Subjected to a Freezing and Thawing Cycle

I.  The DSC measurement showed two peaks at -8°C and —40°C, which indicated two major

phase transitions of the pore water in a cement paste specimen.

!\)

The terms, wf+40 and wf40 were defined as the actual amounts of water frozen above and
below —40°C per unit mass of cement paste, respectively. The term, wt was defined as the

actual amount of ice melted on thawing per unit mass of cement paste.

6.3.2 Effects of Water/Cement Ratio and Hydration Period

1. The amount of water which had frozen above the temperature <40°C, wf+40, decreased and
the amount of water which had frozen below the temperature —40°C, wf—40, increased as hy-
dration took place. It indicates that the values of wf+40 and wf-40 represent the amount of
capillary water and the amount of gel water, respectively. This observation agrees with the

one in the coupled ACIS-TMA measurement.

~
¢

The value of wf+40 increased as the w/c ratio increased. The value of w40 did not signifi-
cantly change regardless of w/c ratio. The amount of gel water is mainly dependent on the
hydration period at a given w/c ratio, but independent of the w/c ratio at a given hydration
period, especially at the early stage of hydration.

3. The value of wt showed the similar behaviour to the amount of freezable water observed in

the coupled ACIS-TMA measurement.
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6.3.3 Effect of Wollastonite Micro-Fibre Reinforcement

!Q

The cement paste specimens containing 10.2% wollastonite content had a similar behaviour
to the ones without the wollastonite content.

The value of wr+0 of the specimens containing 10.2% wollastonite content increased as the
w/c ratio increased. The value of wr—o of the specimens containing 10.2% wollastonite con-

tent did not significantly change regardless of w/c ratio.

6.4 Overall Conclusions

Summarizing the specific findings previously presented, the overall conclusions can be given as

follows;

The microstructural behaviour and mechanism of frost action within cement paste was eluci-
dated in detail based on interpretation of phenomena observed in the coupled ACIS-TMA
measurement and the DSC measurement. An approach of the coupled ACIS-TMA measure-
ment is original and has been developed at the University of Ottawa and the National Re-
search Council Canada.

The investigation of the potential of the ACIS as one of the techniques for determining the
durability of cement paste with respect to freezing and thawing was accomplished. The hy-
pothesis of the useful ACIS application was confirmed.

The improvement of the durability of the wollastonite micro-fibre reinforced cement paste to
freezing and thawing was acknowledged in some conditions. The addition of the wollastonite
micro-fibres is recommended, particularly for cement pastes with a high w/c ratio, when ex-

posure condition is expected to be severe.
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6.5 Recommendations for Future Research

The overall objectives in this study were accomplished; however, future research will be required
to improve the current study and to lead to the practical application of the ACIS technique in the

field. It is suggested that future research includes:

1. Additional coupled ACIS-TMA experiments with different temperature variations, freezing

rates and multiple freezing and thawing cycles

(S

Experiments using the ACIS to determine the effects of different pore size distributions on

the depression angle parameter for cement paste

3. The coupled ACIS-TMA experiments for cement paste saturated with various non-acqueous
solutions with different properties from water, such as a freezing temperature and resistivity

4. The coupled ACIS-TMA experiments for cement paste with air entrainment and also for
mortar and concrete

5. A development of the procedure and experimental methods for the practical application of
the ACIS technique in the field

6. A standardization of the ACIS technique for the freezing and thawing durability of cement

paste for submission to appropriate CSA committees



APPENDIX A

A.l Values of Total Expansion, Irrecoverable Expansion and Resistance Ratio

Wollastonite Hydration Total Irrecoverable | Resistance
Content w/c Ratio Period Expansion Expansion Ratio
(%] [d) pm/m pm/m AR

1 2500 672 246.0

3 2600 309 183.1

0.35 7 1946 69 1374

28 1658 20 22.9

1 3600 775 280.8

3 3448 809 192.8

0.40 7 3237 405 169.9

0 28 2086 184 35.0
1 5905 988 254.6

0.50 3 4938 1156 2214

7 4427 950 210.0

28 4042 662 62.4

1 6967 1819 268.9

0.60 3 7523 1779 303.2

7 8002 1500 275.6

28 6787 975 76.3

1 3346 890 296.1

3 2976 316 264.1

0.35 7 2641 223 164.5

28 2000 150 35.0

1 3612 1032 334.6

3 3698 1109 250.0

0.40 7 3513 860 198.3

5.1 28 3463 483 45.0
1 7645 1416 369.1

0.50 3 6897 1291 346.5

7 7135 1320 331.0

28 6591 883 814
1 7644 1995 3254

0.60 3 7439 1986 335.6

7 8103 1698 274.5

28 6805 983 85.3

(continued on the next page)
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Wollastonite Hydration Total [rrecoverable | Resistance
Content w/c Ratio Period Expansion Expansion Ratio
(%] {d] um/m um/m AR

1 3597 1121 379.5

0.35 3 3267 669 366.5

7 2946 503 299.1

28 1897 319 24.9

1 3519 1269 3214

3 3753 1323 243.1

0.40 7 3764 853 265.1

8.1 28 3024 717 38.0
1 7794 1794 451.6

0.50 3 6679 1590 389.4

7 7946 1643 359.1

28 6786 988 67.0

1 7689 2046 369.1

0.60 3 7986 1911 347.1

7 8635 1756 296.3

28 6824 1329 95.1

1 2946 533 201.2

3 2556 312 164.3

0.35 7 2223 56 112.6

28 1322 19 20.0

1 3586 503 264.1

3 3316 467 167.4

0.40 7 2923 326 153.2

10.2 28 1680 94 19.0
1 5102 1097 256.7

0.50 3 4768 1132 200.3

7 3864 798 194.8

28 3156 500 40.7

1 7568 1659 302.8

0.60 3 7412 1533 286.7
7 7132 1367 212.2

28 4019 475 62.0




APPENDIX B

B.l Values of wi+s0, wi—0 and wt

Wollastonite Hydration WEs40 W0 we
Content w/c Ratio Period

(%] [d) gwater/gsubstance | gwater/gsubstance | gwater/gsubstance

l 0.062 0.016 0.073

0.35 3 0.049 0.020 0.064

7 0.031 0.039 0.055

28 0.025 0.063 0.072

1 0.111 0.007 0.109

0.40 3 0.067 0.021 0.088

7 0.036 0.041 0.073

0 28 0.026 0.042 0.061

1 0.165 0.008 0.171

0.50 3 0.073 0.024 0.093

7 0.049 0.055 0.099

28 0.037 0.050 0.086

1 0.208 0.004 0.210

0.60 3 0.172 0.028 0.191

7 0.155 0.055 0.191

28 0.084 0.057 0.131

l 0.056 0.020 0.071

0.35 3 0.062 0.019 0.076

7 0.036 0.032 0.067

28 0.006 0.039 0.041

1 0.069 0.016 0.084

0.40 3 0.066 0.014 0.074

7 0.043 0.028 0.069

51 28 0.010 0.058 0.066

1 0.101 0.010 0.109

0.50 3 0.077 0.018 0.100

7 0.075 0.028 0.102

28 0.032 0.044 0.070

1 0.251 0.006 0.232

0.60 3 0.156 0.015 0.161

7 0.146 0.027 0.164

28 0.074 0.044 -0.104

(continued on the next page)




(continued from the previous page)

Wollastonite Hydration
Content w/c Ratio Period W0 W0 w

[%] [d] gwater/gsubstance | gwater/gsubstance | gwater/gsubstance

1 0.150 0.012 0.153

0.35 0.080 0.014 0.092

7 0.035 0.026 0.058

28 0.020 0.044 0.065

1 0.154 0.004 0.156

0.40 0.061 0.018 0.076

7 0.035 0.025 0.056

8.1 28 0.029 0.035 0.061

1 0.158 0.006 0.163

0.50 0.084 0.019 0.109

7 0.065 0.030 0.094

28 0.049 0.059 0.105

1 0.238 0.007 0.239

0.60 0.150 0.015 0.162

7 0.083 0.029 0.110

28 0.062 0.052 0.112

1 0.082 0.012 0.091

0.35 3 0.047 0.014 0.060

7 0.022 0.028 0.047

28 0.016 0.039 0.053

1 0.119 0.006 0.122

0.40 3 0.069 0.012 0.076

7 0.034 0.019 0.049

10.2 28 0.022 0.023 0.041

1 0.189 0.004 0.188

0.50 3 0.092 0.018 0.112

7 0.061 0.027 0.084

28 0.026 0.027 0.056

1 0.192 0.008 0.198

0.60 3 0.134 0.014 0.144

7 0.086 0.031 0.113

28 0.052 0.038 0.086
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