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ABSTRACT

The electrical properties of Portland cement, and cements containing supplementary
cementitious materials (SCM), were obtained over the frequency range 1Hz-10MHz
during both the initial 24-hours after gauging with water and up to 1 year. During the
initial 24-hours period, the response was measured in terms of conductivity and
permittivity with both parameters exhibiting significant temporal changes. It was also
evident that whilst the conductivity increased only marginally with increasing frequency
of applied electrical field, the permittivity decreased by several orders of magnitude over
this range. Moreover, certain features of the permittivity response — which are related to
bulk polarization processes — only revealed themselves in the higher frequency range
(100kHz-1MHz), and went undetected at lower frequencies. The detailed frequency- and
time- domain measurements allowed identification of several stages in the early hydration
of cement-based materials and the response can be interpreted in terms of hydration
Kinetics, physico-chemical processes and microstructural development. It is shown that

the methodology can be equally applied to cement-pastes and concretes.

In the hardening stage, the conductivity response showed a clear influence of the SCM
type, the age of the samples and the used water binder ratio (w/b) in the mixes. The pore
solution conductivity has been shown to have a significant effect on the conductivity
values particularly at the high replaced mixes. The electrical permittivity showed two
different polarization signals depending on the frequency range used, as at frequencies in
the range of 100kHz-1MHz, the permittivity response is more related to the samples
electrical conductivity, however at higher frequencies (1MHz-10MHz) the permittivity is
influenced more by the SCM type and the replacement level in the mixes when w/b is

constant.

The durability ranking which was obtained from the non-steady-state migration
coefficient and the electrical conductivity, showed a strong linear relationship which is in
contrast to the relationship between the ranking obtained from the formation factor. This
would suggest that both the non-steady-state migration coefficient and the conductivity
are affected by the pore solution conductivity of the mixes which, consequently, would

give a false indication with regard to the real ranking of the mixes.
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Chapter 1 — Introduction

1.1 Background

Throughout history, different adhesive materials have been used by ancient civilizations
to provide bonding strength between fragments of construction materials. The ancient
Egyptians (3000 BC) used Nile mud with and without chopped straw to build brick walls;
they also used burnt gypsum as an alternative adhesive material in the great pyramids.
The Babylonians and Assyrians used bituminous materials to construct stones and bricks
walls. Both the Greeks and Romans discovered (800 BC) the cementitious properties of
burnt lime when it is slaked and mixed with sand to form mortars. This was before the
discovery of volcanic deposits (300 BC-476 AD) which displayed hydraulic properties
and high adhesive strength when mixed with lime. The volcanic deposits (volcanic tuff)
were acquired from Pozzouli in Italy from which the term pozzolana derives its name.
Also, the Romans used blood, animal fat and milk as admixtures in their mixes to increase

the cementitious properties of their pozzolanic material.

In 1756 John Smeaton developed the hydraulic properties of lime to arrive at the
conclusion that the hydraulicity of this material depended on the amount of clay
incorporated. His hydraulic lime was used to rebuild the Eddystone lighthouse in 1759.
In 1824, Joseph Aspdin introduced a type of hydraulic cement which he named as
Portland cement due to its colour which was similar to the Portland stone. Portland cement
was prepared from limestone which was crushed and calcined before it was mixed with
clay. The mix was then ground together and calcined. The temperature which was used
in the calcination process of this early product was low, which affected its quality due to
insufficient formation of the calcium silicate phases. Later, in the mid-1800s, it was
discovered that the over-burning increases the quality of the Portland cement properties
by the formation of the calcium silicate phases despite the heterogeneity which these
phases showed due to the slow cooling process followed at that time. Modern Portland
cement, which is burned at high temperature (~1450°C), which, together with relatively
rapid burning time and rapid cooling time, is used to decrease the amount of the free lime

in the final product as well as increasing the calcium silicate phases.

An increasing demand for Portland cement had taken place through time due to the
increase in urbanization. In 2006, Portland cement production was 2.55 billion tonnes and

expected to rise to 4.4 billion tonnes by 2050 (Kavitha, 2017). This has triggered concerns
1



about the impact of cement production on the environment as both the burned fuel, as
well as the decomposition of lime, contributes to almost 8% of the total anthropogenic
CO0, emitted into the atmosphere (Ortega et al., 2015; Tang et al., 2016). Therefore, other
industrial by — products such as fly-ash (FA) and ground granulated blast furnace slag
(GGBS) have been extensively used to replace normal Portland cement in concrete mixes.
These by-products have shown to have positive effects on the long-term durability of

concrete mixes due to their influence on the material pore structure.

1.2 Cement and concrete characterization testing techniques

One of the major advantages which normal Portland cement, hence concrete, possess in
addition to strength development through time, is the transformation of the mixes from a
liquid phase during the early hydration period, to a solid porous material at later stages.
This gives the ability to cast complex shapes and facilitates the transportation of the fresh
mix from the production site to the construction site. The hydration process which is
initiated by mixing cement with water allows this transformation process. The hydration
process is a complex reaction which involves several physical and chemical processes
which take place simultaneously. The phases which compose the Portland cement all
contribute to the hydration reaction; however, the influence of the silicate phases on early
hydration kinetics is more pronounced, which led many researchers to focus on the
hydration reaction of these particular phases to reduce the complexity exerted by the
chemical contribution of other cement phases (Alizadeh et al., 2009b; Bellmann et al.,
2010; Bellmann et al., 2012). Despite this simplification, the early hydration of Portland
cement is still not fully explained and many theories have been proposed to understand

this chemical process.

By utilizing the exothermic nature of cement hydration, isothermal conduction
calorimeter (ICC) tests are widely used to monitor the hydration kinetics of the early
stages for cement pastes. In addition, auxiliary tests such as scanning electron microscopy
(SEM), back scatter electron microscopy (BSE) and X-rays diffraction (XRD) are also
used to characterise the phases formed and to support the features which are observed
from the ICC results. After setting, and through the hardening stage, the heat emitted from
the hydrated samples decreases, hence the ability of the continuous monitoring which is
provided by the ICC. The hydration phases are characterized at the latter stages by the

SEM, XRD or thermogravimetric analysis techniques (TGA), in which the latter shows



efficiency in monitoring the calcium hydroxide profile through time, particularly when

the pozzolanic reaction initiated.

As the material changes from the liquid state to a porous solid, other testing techniques
such as mercury intrusion porosimetry (MIP), nitrogen adsorption/desorption (NAD) and
SEM are used to study the pore structure. The characterization of the pore structure is
important in terms of assessing the long-term durability and performance by assessing the
critical pore diameter (d.) as well as the pore size distribution. On the other hand,
assessing the penetrability of concrete by aggressive ions (e.g. chloride) is an important
factor in terms of maintaining the functionality of concrete structures (Atkinson and
Nickerson, 1984; Buenfeld and Newman, 1984; Martys, 1996; Elahi et al., 2010).
Therefore, durability oriented tests, which directly characterize the long-term
performance of concrete mixes under chloride exposure, had been used for this purpose.
These tests include the rapid chloride penetration test (RCPT), natural chloride ponding

test and non-steady-state chloride migration test.

1.3 Electrical measurements

Due to the destructive nature of many tests, as well as the sample scale which is normally
used, limitations in the accuracy as well as in the ability for continuous monitoring are
encountered. These shortcomings have triggered the necessity to explore other types of
test which could provide a continuous, non-destructive testing ability at both the early

hydration stages as well as during the hardening stage.

The intrinsic electrical properties of any non-magnetic material can be fully specified by
its frequency dependent parameters relative permittivity, &(®), and conductivity, o w),
which are dependent upon the polarization and conduction of bound and free charges
within the material. If the material is heterogeneous, &(w) and o(w) will be strongly
correlated to the properties of the individual components and the way in which these
components interact. It is, therefore, possible to identify and characterize porous
cementitious materials by their electrical properties provided that these are observed over
a wide enough frequency range. The conductivity of hydrating cement-paste is related to
both the conductivity of the pore-fluid (hence ionic concentration within the pore fluid)
and the continuity and tortuosity of the pore network. The relative permittivity, on the

other hand, is associated with polarization processes operative within the paste, which are



themselves related to the mobility of charges adsorbed on the grain and crystal surfaces

and at crystal/pore-water interfaces.

Electrical measurements have a number of advantages in comparison to the previously

mentioned tests such as:

(@) The samples do not need special preparation prior to testing at least in the frequency
range from Hz — MHz as at much higher frequency ranges in the GHz the tests need more

attention with regard to the sample cell design.

(b) Some stages during the early hydration period do not emit heat such as the induction
period, hence heat emission dependent tests will not be able to give a precise
interpretation to the ongoing reaction. However, electrical measurements depend on the
ionic situation in the mixes, therefore another perspective on these non-active heat
emission stages could be obtained by the use of electrical measurements. In addition,
calorimetric testing techniques are not suitable to assess the hydration process after the
first few days as the noise from the test instrument has a significant influence on the
accuracy of the test due to the low heat emission, therefore the sensitivity of the electrical
measurements at these stages could be more reliable over conventional tests (Zhang et
al., 1995; Ridi et al., 2011).

(c) As they are non-destructive, the tests can be performed on the same samples
continuously throughout the hydration process, or throughout any other physical or
chemical process applied on the material continuously through time (for example, wetting
and drying cycles). This offers the ability to monitor the development and changes which
occur on the same sample continuously without any disruption (Manchiryal and
Neithalath, 2009; Pasquale, 2009; Cruz et al., 2013). This of particular interest during the

hardening stage.

(d) The analogy between the movement of ions under an electrical potential and the
movement of ions under a chemical potential suggests electrical measurements could be
developed as a durability indicator (Christensen et al., 1994; Shi et al., 1999; McCarter et
al., 2000). Furthermore, the use of impedance spectroscopy methods gives both the ability
to assess the macro-response of the material through its bulk conductivity / permittivity

(McCarter and Afshar, 1985; McCarter et al., 2005; McCarter et al., 2013) and the
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material micro-response through the use of representative electrical circuit models
(Barsoukov and Macdonald, 2005; Sanchez et al., 2013; Ortega et al., 2015).

1.4 Research significance

A considerable amount of work has been presented on the electrical properties of
cementitious materials to study the hardening process (i.e. periods > 24-hours). In a
similar fashion, the electrical conductivity (and its reciprocal, resistivity) of cement pastes
has been used to study the initial 24-hours of the hydration process (see, for example,
(Torrents et al., 1998; Morsy, 1999; Levita et al., 2000; Salem, 2002; Princigallo et al.,
2003), although studies on the relative permittivity over the same periods are more limited
(see, for example, (Gorur et al., 1982; Moukwa et al., 1991; Zhang et al., 1996)). An
important limitation of the studies up to date are:

(@) Most studies have obtained the electrical response at a fixed frequency of electrical
field, or the frequency range used was limited. Regarding the latter, conductivity
measurements tend to be taken in the low kilohertz range (100Hz-10kHz) whereas

relative permittivity measurements are generally measured in the gigahertz (GHz) region.

(b) Lack in the long-term measurements during the hardening stage, as most of the studies
limited their measurements to the first 28-days of hydration.

(c) Limitation in the type of mixes characterized by the electrical measurements
techniques. As most of the available studies have focused on the electrical response for
pure cement pastes, there is a paucity of studies which address supplementary
cementitious materials (SCM) at both the early hydration and the hardening stages. In

addition, there is a lack of work which addresses the response of concrete mixes.

1.5 Research aim

With regard to the application of electrical measurements on cement based materials, the
overall aim of this research is to obtain the AC Immittance response in the frequency
range of (1Hz-10MHz) for different cement pastes and concrete mixes with different
additions of supplementary cementitious materials, through the setting stage and the
hardening stages. In addition, to relate this response to changes which take place in the
liquid phase chemistry, the nucleation and growth of hydration products, pore structure

formation, as well as to durability.



1.6 Research objectives:
To fulfil this aim, the following specific objectives need to be met:

(a) Assessing the effect of electrode configuration on the electrical response, to account
for the possibility of measurement artefacts which could affect the accuracy of the

measurements.

(b) Obtaining a detailed AC immittance response for cement pastes and concrete mixes
which contain different SCMs in the frequency range 1Hz-10MHz, through the first 24

hours.

(c) Undertaking parallel calorimetry and ESEM measurements for the cement paste
samples to assist in understanding the immittance spectroscopy response during the initial

24 hrs period.

(d) Obtaining detailed long-term AC immittance measurements for concrete mixes which

contain different SCM in the frequency range 1Hz-10MHz.

(e) Developing a durability ranking for the concrete mixes through the use of electrical
measurements, and comparison with the durability ranking obtained from rapid chloride
migration test (RCM).



Chapter 2 — Cement Manufacture and the Hydration Process

This review is divided to two main sections, the first section presents the necessary
information on the manufacturing process, cement phases, composition and hydration
reactions. The second section presents a brief explanation of the principals of the AC
immittance spectroscopy techniques as well as reviewing key work in terms of their
application in monitoring cementitious materials through the initial 24hrs and the

hardening process.
2.1 Cement manufacturing process

2.1.1 Raw materials
In the manufacture of cement, clay or shale, is normally used as a source of silicate,
alumina and ferrite. The thermal decomposition of the clay occurs at ~600°C as in

equation (2.1):

Clay - SiO, + Al, 05 + Fe, 05 + H,0 (2.1)

Limestone (or chalk) is the lime source and it decomposes at 700-900°C (calcination

temperatures) as in equation (2.2):

CaC 05 — Ca0 +C0, (2.2)

The main phases of cement, which are C,S (belite) and C5S (alite), form at higher
temperatures than the decomposition temperature of the clay and the limestone, as they
form at 1200°C and 1400 °C respectively (i.e. clinkering temperature). There are some
minor components whose presence adds specific advantages to the cement, such as
gypsum, which is normally added at the end stage in the cement manufacturing process
(milling stage). Gypsum assists in hindering the flash-setting effect which is caused by
the rapid hydration of the C;A phase, and normally it is added between 4-5% by weight.
In this range, the gypsum possesses the ability to react with the aluminate phase in cement
producing ettringite. If the amount added is <4-5%, monosulfoaluminate phase will form

either accompanying the ettringite or individually.

In order to realise the targeted clinker chemical composition, the raw meal is normally
subjected to quality control tests to obtain an indication of its chemical composition.
According to the chemical composition of the raw meal, the following ratio thresholds

have been proposed to be used as quality control factors:
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_ Al,04

R Fe,0, (2.3)
LSF = Ca0
~ 2.85i0, + 1.241,0; + 0.65Fe, 05 (2.4)
o ___ S0,
R Al,05 + Fe,04 (2.9)

In which: Ag: Alumina ratio; LSF: The lime saturation factor; Sg: Silica ratio. The mean

values and the thresholds for the above ratios are shown in Table 2.1

Bogue’s equations are normally used to estimate the potential phases for the clinker based

on the oxide analysis of the cement (Neville and Brooks, 1987):

C,AF = 3.04(Fe,053) (2.6)
C3S = 4.07(Ca0) — 7.60(Si0,) — 6.72(Al,05) — 1.43(Fe,03) — 2.85(Si05) (2.7)
C,S = 2.87(Si0,) — 0.754(3Ca0. Si0,) (2.8)
C3A = 2.65(Al,05) — 1.69(Fe,03) (2.9)

The term in the brackets is the weight percentage of the oxide.
With regard to the manufacturing processes, these can be summarised as follows (Neville
and Brooks, 1987):

2.1.2 Mixing and grinding

The raw materials are ground and mixed with water to form a slurry. In the wet process,
the materials fed into the kiln at 30% moisture content; in the case of the dry process the
material has a moisture content of 0.5% and fed to the preheated cyclones before
introduced to the kiln. Despite the fact that the wet process is more controllable in terms
of the produced material, this method consumes much energy due to the drying process
(Hewlett, 2003).

Another two additional cement manufacturing processes have been introduced to the
industry to reduce the energy consumption of the manufacturing process which are the
semi-wet process and the semi-dry process (P.Barnes, 1983). These two processes differ
in the moisture content of the fed material, as in the former the wet slurry is dewatered in
a filter-pressed process which reduces the amount of water in the material to 20%, and in

the semi dry-process the moisture content of the fed material is approximately 12%.



2.1.3 Burning process

After the grinding and mixing processes, the material is fed into a rotary kiln which is
heated to 1500°C. As the raw material moves through the kiln, a progressive increase in
the temperature occurs which is responsible of the gradual water evaporation from the
meal as well as the formation of the different cement phases. The movement of the
material in the kiln is either due to the slippage of the material or the rolling of the
material. The kiln assists this movement through its inclined position. Normally the wet-
process kiln is much longer than the dry-process one due to the longer heat exposure

duration which is needed to reduce the excess water.

Once the meal is exposed to the heat, water is removed followed by CO, emission due to
the thermal decomposition of limestone/chalk. At this stage 20-30% of the mix will fuse
and the combination between lime, silica and alumina will take place. The material at this

stage is called ‘clinker’ which is basically small spheres with 3-25mm diameter.

2.1.4 Cooling process

The clinker is then cooled down to make sure a thorough crystallization of the material
takes place. Different cooling rates have shown to have different effects on the produced
clinker; for example, rapid cooling has been recommended as it produces smaller alite
crystals which assist in the later grinding process. In addition, rapid cooling produces
small amount of MgO crystals which forme separately, as the majority of the MgO will
be incorporated within the clinker. In slow cooling, the MgO can form large separated
crystals; rapid cooling forms an amorphous glassy material which subsequently
represents a problem in the grinding process. Therefore, choosing a suitable cooling rate
is an important factor in the cooling process.

2.1.5 Cement milling

Finally, the clinker is ground with gypsum added to modify the flash-setting nature of the
C;A phase. The grinding process takes place in a rotating ball-mill and, as has been
mentioned earlier the grindability at this stage depends on the cooling history of the
clinker (P.Barnes, 1983).

2.2 Cement chemical composition
Cement as a material is composed of different phases which show different hydration
reactions when they are assessed separately. Four phases dominate the chemical

composition of cement which are as follows (Taylor, 1997):
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2.2.1 The Alite phase (C3S)

Alite is an impure version of tricalcium silicate (Ca3;Si0,) and denoted C5S in cement
chemistry nomenclature (Bellmann et al., 2010). The alite phase constitutes ~50-70% of
normal Portland cement and it is the main phase which is responsible for strength
development during the first 28-days. The pure C5S is a result of the combination of
calcium oxide and silicate and exists in different polymorphic modifications (crystal
structures) which depend on the formation temperature as shown in equation (2.10):

620°C 920°C 980°C 990°C 1060°C 1070°C

T, T, Ty — M, M, M R (2.10)

Where: T: Triclinic; M: Monoclinic; R: Rhombohedral

As it is shown in equation (2.10), the pure €3S occurs in the T; polymorphism at room
temperature; however, in the cement manufacturing process, and due to the presence of
other ions in the clinker (e.g. Na*, K+, Mg?*, Fe3"), alite normally occurs in the form
of M, or M5. The probability of crystallizing a specific type of C5;S polymorphism in the
clinker, depends on the MgO/SO0s ratio in the clinker. When this ratio is high it gives rise
to M3 polymorphism and when it is low M, is more likely to be present (Maki and Kato,
1982; Taylor, 1997). Also, the burning duration in the kiln has an effect as longer heating

duration gives rise to the M; polymorphism.

2.2.2 The Belite phase (C>S)

Belite is the impure version of dicalcium silicate (Ca,Si0, ), denoted C,S. This phase
constitutes ~15-30% of normal Portland cement and it contributes little to the early
strength development; however, by the age of one year, its strength is comparable with
the alite phase strength at the same age and curing conditions. Similar to the case of the
alite phase, the pure C,S phase is also affected by temperature changes as well as different
ion substitutions as it transforms to different polymorphs such as B, vy, ', ,a’’y, a. The
most common in Portland cement clinker are 3 and y polymorphs. The £ C,S modification
polymorph is normally unstable at normal temperature unless it is incorporated with other
impurities. The only modification of the C,S which is stable at ambient temperatures is
the yC,S. It should be noted that the rate of hydration for the different polymorph
modifications of the C,S phase is different, as the a’C,S is more hydraulic than SC,S;
vC,S has been reported to be non-hydraulic and the aC,S has been reported to record
reactivity between the a’C,S and 5 C,S polymorphisms. However, it should be considered

that the reactivity is dependent on the impurity ions which stabilize the polymorph and,
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in the case of using the same stabilizer, the thermal history of the stabilized C,S phase
will also be the factor which determines its reactivity. The stabilization process of the C,S
phase polymorphs is usually done by the incorporation of barium oxide in its crystal
lattice (Bensted and Barnes, 2002; Hewlett, 2003).

2.2.3 The Aluminate phase (C3A)

Tricalcium aluminate (Ca;AL,03) is a combination of calcium oxide and aluminate,
which is expressed in cement chemistry as C;A. This phase constitutes ~5-10% of normal
Portland cement. An excess of this phase causes the rapid setting of cement pastes and
gypsum is normally added to inhibit this undesirable effect. The crystal structure of the
pure CsA is cubic; however, in the case of Portland cement, it can exist in cubic or
orthorhombic and sometimes monoclinic forms. A combination between the cubic and
orthorhombic or the cubic and the monoclinic forms can also take place (P.Barnes, 1983).

These different crystal structures also depend on the amount of the alkalis in the clinker.

2.2.4 The Ferrite phase (CsAF)

Tetracalcium aluminoferrite (Cay.AL,05. Fe,03) and is expressed in cement chemistry
as C,(AF) and constitutes ~5-15% of normal Portland cement. The chemical composition
of this phase is between the two solid phases of C,AF and CzA,F and the actual
composition depends on the thermal history of the clinker as well as on the chemical
composition of the clinker. If the clinker is cooled rapidly the ferrite phase is close to
CcA,F; however, if the clinker is cooled slowly the composition is closer to C,AF
(P.Barnes, 1983).

2.3 Hydration reaction of cement phases

The hydration of cement is an exothermic process which is initiated by mixing the cement
with water. This process is responsible for the physical and chemical changes which occur
in the cement paste as it changes from a liquid state to the solid state. The cement paste
passes through the setting stage in which the material is stiffening without developing
significant compressive strength and it is during the hardening stage in which the material
develops strength.

Cement comprises different phases and constituents which possess different chemical
compositions; therefore, when explaining cement hydration, the reaction of these phases
is considered separately as the reaction of cement with water is a complex process.
However, the general features of cement hydration are much related to the C5S phase due

to the high percentage of this phase in cement (Bullard et al., 2011).
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2.3.1 Hydration of Tricalcium silicate (CsS)
Two primary products are produced in the hydration reaction of both the C5S and the C,S

phases which are:

(@) Calcium hydroxide (CH). However, the C5S produces more CH and has a greater

reactivity than the C,S phase; and

(b) an amorphous calcium silicate hydrate which has no definite composition and
referred to as C-S-H gel (Taylor, 1997).

The hydration reaction of the C;S phase takes place according (Bensted and Barnes,
2002):

CiS + 3+ x + n)H,0 = C,SH,, + (3 — x)Ca(OH), [-121k]/mol] (2.11)

x and n can reach 1.7 and 4, respectively, when the concentration of the Ca(OH), reaches
saturation level. Due to the uncertain chemical composition for the C-S-H, attempts have
been made to approximate its crystalline structure to already known calcium silicate
hydrate crystalline structures which are (Chen et al., 2004):

(@) 1.4 Tobermorite [ Ca,(SizO9H),) Ca.8H,0], has a Ca/Si molar ratio of ~0.83; the
prefix 1.4 indicates the compositional layer thickness.

(b) Jennite [(Cag(SizsO9H), (OH)g) Ca.6H,0] which has a Ca/Si molar ratio of ~1.5.

(c) C-S-H I with Ca/Si molar ratio of 0.67-1.5.

(d) C-S-H Il the Ca/Si molar ratio is ~2.

Due to the similarity between the C-S-H gel studied by XRD and the C-S-H crystalline
structures noted above, the Ca/Si molar ratio has been used in characterizing the C-S-H
gel. The Ca/Si ratio of the C-S-H gel is in the range of 1.7-1.8, despite the fact that it has
been shown that at the initiation of hydration the Ca/Si ratio decreases sharply during the
first 30 seconds, then increases before decreasing in a gradual manner to 1.7-1.8 after few
minutes (Taylor et al., 1984). By plotting the rate of heat evolution with time for the C5S

hydration reaction, six stages are observed as shown in Figure 2.1.
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Pre-Induction period (Stage 0-1)
Once the €3S phase contacts water a rapid dissolution takes place with ions moving into
solution. The ions which pass to the solution are Ca?*, OH~ and H,Si0,~ according to

the following:

C3S + excess water — 3Ca?*(aq) + 40H (aq) + H,Si0,* (aq) (2.12)

Equation (2.12) has been considered as congruent dissolution which means both the Ca?*
ions and the silicate ions move to the solution together in a certain dissolution ratio which
is 3:1. This is despite the fact that some theories as discussed later propose an incongruent
dissolution to explain the slow dissolution rate which has been detected for the C5S phase

in the early reaction stage.

The end of Stage 0 and the beginning of Stage I, as shown in Figure 2.1, is distinguished
by the first peak in the heat rate graph. It is also worth mentioning that Stage 0 is very
rapid as it lasts for only few minutes and is very often unobservable by calorimetric
methods. A decrease in the reactivity is noticed in the heat evolution rate after this first
peak due to several proposed theories which signify the beginning of Stage I and the end
of Stage 0.

Induction period (Stage 1-Stage 1)

Bensted and Barnes (2002) have shown that C5S has a high solubility in water; however,
that is not the case when compared to its actual dissolution rate after the initial fast
reaction stage, as lower dissolution rates are observed. The possible causes of this slower
dissolution rate and its accompanied decrease in the hydration reaction rate which occurs
after Stage 0 and through Stage | leading to Stage Il, have been summarized as follows
(Hewlett, 2003):

(@) Impermeable barrier layer theory

In this theory, it is proposed that at a certain concentration of Ca?* and silicate ions in
the solution, and due to the initial congruent dissolution of the C5S phase, a metastable
C-S-H layer is formed on the surface of the C5;S particles. This hinders water from
reaching the C5S as well as Ca?* and silicate ions from reaching the solution (Greenberg
and Chang, 1965; Barret et al., 1983; Ings et al., 1983; Grutzeck and Ramachandran,
1987; Bensted and Barnes, 2002; Cordes and Odler, 2002; Bellmann et al., 2010;
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Bellmann et al., 2012). This theory has been based on the finding that the equilibrium
state for the concentration of the Si0, and CaO tends to fall on either one of two curves
which have been denoted as curve A and curve B (Taylor, 1997) in the solubility curve
of the C-S-H product (see Figure 2.2). Curve B has been attributed to the early metastable
C-S-H layer which covers the €3S phase and, consequently, stops the first accelerated
reaction. Regarding Curve A, it has been attributed to the stable C-S-H product which is
produced in later stages (the main acceleration stage) and it is worth noting that curve B
displays much higher concentrations than curve A as potential evidence that the origin of
product A is product B (Ings et al., 1983).

Other researchers considered this impermeable layer as a charge separation layer
produced by the superficial hydroxylation on the C5S surface (Barret et al., 1983). This
postulation assisted in explaining the gradual decrease in the C5S dissolution rate through
the initial fast reaction and the first deceleration period. If the newly formed early
hydration C-S-H layer is considered responsible for the first deceleration period, the
dissolution rate of the C5S phase will be rapid until the formation of the early C-S-H;
however, this is not the case as the dissolution rate undergoes a gradual decrease from the

beginning of the hydration process (Bullard et al., 2011).

It has been argued (Bensted and Barnes, 2002) that due to the considerable thickness of
the impermeable layer which has been measured by electron spectroscopy for chemical
analysis technique (ESCA), the concept of a new phase layer formation is more
reasonable than the superficial hydroxylation layer. This is despite the lack of evidence
on the coverage of the newly formed phase on the surfaces of the C;S that has been
recorded (Taylor et al., 1984; Bullard et al., 2011). Bellmann et al. (2010) have arrived at
the same conclusion, attributing the formed layer to a separate phase rather to a superficial
hydroxylation layer. Justification was based on assessing the volume fraction of the
silicate ions on the layer as it showed that this layer contained a larger silicate volume
fraction (79%) than the expected percentage for a superficial hydroxylation layer (1%)

therefore a new phase must be formed to accommaodate this high percentage of silicate.

(b) The electrical double-layer theory
In this theory, an incongruent dissolution at the early stages has been proposed rather than
a congruent one. The Ca?* ions, as well as the OH~ ions, move into solution without the

silicate ions which, in turn, form arich silicate layer on the surface of the C5S phase. Re-
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adsorption of the Ca?* ions is assumed to take place on the silicate rich surface forming
an electric double-layer, therefore decreasing the rate of the initial accelerated reaction.
The end of the induction period, which is followed by the acceleration period, is assumed
to take place after the electrical double-layer gradually breaks down (Tadros et al., 1976).
This theory has been given support by ESCA results which show an initial decrease in
the Ca/Si ratio during the first minutes, when assessing the chemical composition of the

C3S phase giving an indication of a silicate layer that is formed on the surface.

(c) Ca(OH,) nucleation theory

It has been observed that the saturation level for the portlandite (Ca(OH,)), which is
referred to as CH in cement nomenclature, in the solution due to the hydration of the C5S
phase can be very high, exceeding a value of 2 without a significant precipitation of
Portlandite. The non-precipitation of CH has been attributed to the poisoning effect of the
silica ions due to their adsorption on the surface of the CH. Eventually, the concentration
of the CH becomes high enough to overcome this poisoning effect and the CH starts to
precipitate again (Young et al., 1977). An argument against this has been presented due
to the lack of influence on the reaction rate when CH particles are added separately to the
solution (P.Barnes, 1983; Taylor, 1997).

(d) Nucleation of C-S-H theory

In this theory, the end of the induction period has been related to the nucleation and
growth of stable C-S-H in the main reaction. It has been proposed that the isolation effect
of the meta-stable C-S-H has no influence and the CH concentration level plays a
secondary role. However, the beginning of the formation of the main C-S-H phase which
is product A in Figure 2.2 is the main cause of the acceleration stage (Taylor, 1997,
Hewlett, 2003). Regarding the nucleation theory of the C-S-H, it has been supported by
the fact that the addition of supplementary cementitious materials such as silica fume or
the addition of C-S-H seeds accelerates the hydration reaction. These provide more
C-S-H nucleation sites therefore increasing the conversion of the early stage metastable
C-S-H to the stable one, this reaction takes more time if natural nucleation alone proceeds
(Stein and Stevels, 1964; Alizadeh et al., 2009a).

A period of slow reactivity takes place as shown in Figure 2.1 and is called the induction
period and referred to as Stage II. The induction period ends with ‘renewed’ chemical
activity within the paste. The cause of this activity depends on which theory of the above

is used:
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(@) Impermeable barrier theory: it has been proposed that the end of the induction period
is due to either a change in the morphology of the metastable C-S-H layer due to aging
process, or due to the effect of the osmotic pressure due to the ions confined between the
unreacted C3S and the metastable C-S-H layer which leads to ‘bursting’ of this layer
(Double et al., 1978).

(b) Electrical double-layer theory: the aging process has been suggested as a main cause
for its degradation.

(c) Nucleation of CH theory: the increase in the concentration of the CH thereby

overcoming the silicate poisoning effect on the surfaces of the CH.

(d) C-S-H nucleation theory: at the end of the induction period the metastable C-S-H
which has been formed undergoes a change in its structure due to the formation of dimer
silicates on its surface (Bullard et al., 2011). However, no direct relation has been
mentioned to correlate the change in the structure of the metastable C-S-H and the self-
triggering growth of the stable C-S-H which ends the induction period as has been
postulated in the nucleation of C-S-H theory. Ings et al. (1983) have stated that the stable
C-S-H gel which forms during the main acceleration period i.e. after the induction period,
forms at expense of the pre-formed metastable C-S-H and the crystallised CH. Hence, the
change in the chemical structure which has been mentioned by Bullard et al. (2011) and

the work of Ings et al. (1983) theory could explain the end of the induction period.

The main acceleration period (Stage 111)

During Stage 11, a rapid dissolution of the C5S phase again takes place resulting in a
precipitation and crystallisation of the hydration products. The C-S-H product in this
Stage is more stable in comparison to the early C-S-H product and it has been referred to
as product A in the solubility curves in Figure 2.2. This Stage is shown in the calorimeter
as an increase in the heat rate till reaching a second global peak which is shown in
Figure 2.1. The acceleration of the reaction continues and the hydration products,
particularly the C-S-H, fill the spaces between the hydrated grains until the process begins
to change from a growth controlled process to a diffusion controlled process.

The second deceleration and the late hydration period (Stage 1V-Stage V)
The second deceleration period begins when the stable C-S-H hydration product starts to

precipitate and increase in thickness around the C3S phase thereby hindering further
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reaction with water. The process therefore becomes a diffusion control process, however
it is not well defined what is the diffusing element which causes the deceleration period
whether it is the ions diffusing from the C5;S or water to the €3S (Bensted and Barnes,
2002). However, it is worth noting that the hydration process continues as long as there

is enough space and water for the hydration reaction to proceed, albeit at a reduced rate.

2.3.2 Hydration of Dicalcium silicate (C2S)

The hydration kinetics of the fC,S has been described as similar to the C;S phase;
however, slowness in the reactivity has been observed in comparison to the C;S. Also,
the CH produced from the reaction is less when compared to the C3S with the same
degree of hydration (Hong and Young, 1999). The main acceleration period is barely
detected by calorimetric methods due to the low heat evolution in comparison to the
C5S phase. The first acceleration stage has been shown to be similar in its intensity to the
C5S phase (P.Barnes, 1983). Due to the general agreement in heat rate evolution through
time between the C;S and the C,S, it could be divided to the same hydration stages as the
C5S phase (Bensted and Barnes, 2002). The main chemical equation for the hydration

reaction for the C,S phase is:

C,S + 43H - C, ,SH, + 0.3CH [—43k] /mol] (2.13)

In terms of the C-S-H, the C,S phase forms the same C-S-H hydration products in terms
of the composition as the €3S phase. This includes both the metastable C-S-H and the

stable C-S-H at the main acceleration period.

2.3.3 Hydration of Tricalcium aluminate (C3A)

The tricalcium aluminate phase (C5;A) is the most reactive phase in the Portland cement
clinker and has a considerable influence during the first 24hrs hydration. Due to its
reactivity, gypsum is added to the clinker to inhibit flash setting (Black et al., 2006;
Pourchet et al., 2009). Figure 2.3 shows the hydration degree through time for the
different cement phases and it is evident that, during the early stages, the degree of
hydration of C;A exceeds all the other phases; also, the €3S reactivity only exceeds the
CsA after ~20hrs from the start of the hydration process.

From Figure 2.3, the addition of gypsum to the C;A phase lowers its reactivity; therefore,
it is more appropriate to review the hydration kinetics of the C;A4 phase in both the

presence and absence of SOz~ ions.
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(a) Hydration of C5A in the absence of Sulphate:

The main chemical equation which represents the C;A phase reaction with water in the

absence of sulphate is as follows (Bensted and Barnes, 2002):

2C3A + 27H - 2C,AH 4 (or C4LAH,3) + C,AHg (hexagonal hydrates) (2.14)

Followed by:

C,AH;9 + C,AHg = 2C3AHg (Cubic hydrates) (2.15)

Equations (2.14) and (2.15), show the first formed components are hexagonal hydrates
C,AHgand 2C,AH,4. These are metastable and, subsequently, converted to cubic hydrate,
C;AHg, which is the only stable calcium hydrate formed at ambient temperature. The
conversion of C;A to the C;AH, directly, without passing through the hexagonal hydrate
stage, could be achieved at higher temperatures (>80°C) to form a stronger mix than a
mix which forms from passing over the hexagonal hydrate stage (Bensted and Barnes,
2002).

(b) Hydration of C;A in the presence of Sulphate

Normally sulphate is added to the C3;A phase in the form of calcium sulphate
CaS0,.2H,0 (CSH,), as this reduces the reaction rate. The main initial product is the

ettringite C4AS;Hs, (AFt), according to the following equation:

CsA + 3CSH, + 26H — C4AS;Ha, (2.16)

After the initial hydration reaction of the aluminate phase with sulphate, a number of
theories have been proposed to account for the dormant period which takes place, whose
duration has been found to be in proportion to the amount of gypsum added to the mix
(Minard et al., 2007). The most accepted theory regarding this dormant period is the
barrier layer in which ettringite forms around the calcium aluminate phase and prevents

the diffusion of ions (S02~, OH~, Ca?*), therefore reducing the reaction rate.

After the dormant period, a second rapid reaction takes place after the calcium sulphate
is consumed in the initial reaction. In this second reaction, ettringite reacts with the C;A
phase to produce monosulphoaluminate (AFm) and this is due to the instability which

occurs to the ettringite resulting from a lack of SO;~ ions:
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CoAS3Hsy + 2C3A + 4H — 3C,ASH,, (AFm) (2.17)

And straight formation of AFm in limited amounts of gypsum:
C3A + 10H + CSH, - C,ASH,, (AFm) (2.18)

2.3.4 Hydration of the Ferrite phase

The hydration reaction of the ferrite phase is similar to the hydration reaction for the C;A
phase despite the difference in the reaction rate. In the absence of gypsum, it forms
hexagonal hydrates in the form of C,(A,F)H,o and C,(A,F)Hg which, subsequently,
convert to C5(A,F)H, according to equations (2.19)

3C,AF + 60H — 2C,(A, F)H,q + 2C,(A, F)Hg + 4(F, A)Hs

(2.19)
— 4C4(A, F)Hy + 2(F, A)H; + 24H

The (F, A)H; hydroxide which forms, is a consequence of the high A/F ratio of the phases
formed, therefore it is created to maintain the stoichiometry balance. In the presence of
gypsum, the ferrite phase forms the AFt phase (C¢ (4, F)SHs,) on its surface which leads
to a decrease in the reaction rate, later, when gypsum is consumed, the AFm phase
(C,(A, F)SH,,) forms.

2.4 Hydration reaction of Portland cement

When assessing the hydration of Portland cement or cements in general, interactions and
synergistic effects occur between the clinker phases during the hydration process. As a
result, cement hydration is a complex reaction (Bensted and Barnes, 2002); however, as
the alite phase forms a high percentage of the clinker (~55%) the hydration of the cement

is modelled on hydration of the alite phase:

(@) Pre-Induction stage

This stage lasts for few minutes during which rapid dissolution of ions from the different
cement phases takes place; however, not all the reactions in this period are exothermic,
as in the case of the alkali sulphates, they undergo a complete dissolution. Alkali ions and
S0;~ ions pass into the solution through an endothermic process; on the other hand, the
dissolution of calcium sulphate is exothermic (Bensted and Barnes, 2002). During the
pre-induction stage, a congruent dissolution of the alite phase takes place and a metastable

C-S-H phase forms on the cement particle surfaces. This dissolution provides the aqueous

19



phase with both calcium and silicate ions. During this stage, the percentage of the reacted

alite normally does not exceed 10-20%.

The calcium aluminate and ferrite phases react with calcium sulphate to produce AFt
(ettringite). This forms on the cement particle surfaces and is highly exothermic. In this
stage, a high concentration of aluminate ions forms in solution which, subsequently,
decreases due to the formation of the AFt phase (Bensted and Barnes, 2002). The iron
ions do not show the same trend as the aluminate ions, as they are not observed in the
solution in such high concentrations, and is due to the formation of hydrated oxides which

coat the surface of the ferrite phase.

(b) The Induction stage

The causes of the induction period, which lasts for the first few hours of the hydration
reaction, have been discussed in Section 2.3.1. During this Stage, the hydration reaction

progresses at a slow rate as in the case of the pure alite phase.

(c) The Acceleration Stage

During this Stage the hydration rate increases with rapid precipitation of hydration
products such as stable C-S-H and Portlandite. A noticeable difference between the
hydration products of the pure phases and Portland cement could appear in the C-S-H
hydration product as sulphate ions have been observed to be adsorbed onto the C-S-H
phase (Gallucci et al., 2010). A complete consumption of calcium sulphate takes place
due to the formation to the AFt, as well as the adsorption of the sulphate ions on the
C-S-H (Taylor, 1997).

From the main differences between the C-S-H in cement and those formed in the pure
C5S phase, a shell of C-S-H forms immediately on the surface of the C5S. However, in
cement a ‘gap’ has been detected between the C-S-H shell and the cement grain which is
in the range of 0.5um (Taylor, 1997). The C-S-H, which is adjacent to the aqueous phase,
is called the outer product and the C-S-H which is adjacent to the anhydrous grain is
called the inner product which, in turn, gradually increases in its volume until bridging
occurs between the outer product and the anhydrous grain by the inner product
(see Figure 2.4). The acceleration period reaction slows down after the inner product fills

the gap between the cement grain and the outer product.
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(d) Post acceleration stage

The main feature of this stage is the decreasing rate of the hydration reaction due to the
diffusion-controlled process which takes place due to the thickening of the precipitated
hydration products. After the consumption of the calcium sulphate, the available C;A
phase starts to react with the AFt already formed to produce monosulphaoluminate
(AFm).

2.4.1 Cement setting process

The setting process can be described as the process whereby the cement paste turns from
a plastic, workable material, to a rigid brittle material and this due to the interlocking
between the hydration products. The setting process depends on the water/binder (w/b)
ratio as, the larger this ratio, the more hydration products are needed to bridge the spaces
between them (Nonat et al., 1997; Bentz, 2008). However, in the case of constant w/b
ratio, it has been noticed that the smaller the particle size of the cement, the shorter time
needed to achieve setting (Bentz et al., 1999). The setting process for cement passes

through the following stages (Hewlett, 2003):

(@) Once cement is mixed with water a dispersion of the cement particles in the solution

takes place.

(b) Flocculation (coagulation) of cement particles, which has been attributed to
electrostatic forces (Hewlett, 2003). The electrostatic forces are related to the
concentration of CH in the mix (Nonat et al., 1997). The flocculation process leads to
increase in the viscosity of the mix and it should be noted that these fluctuations are

reversible as they can be dispersed by mixing (Jiang et al., 1995).

(c) At the acceleration Stage, the volume of hydration products increases and,
consequently, that of the aqueous phase decreases. Furthermore, chemical bonds between

the hydration products is strengthened in a ‘rigidification process’.

2.4.2 Pore structure development

As has been discussed above, during the main acceleration stage, a rapid precipitation of
hydration products takes place. These are normally C-S-H and CH as products from the
two silicate phases, and AFt and AFm as hydration products of the aluminate and ferrite
phases. Efforts have been made at the atomic level (<2nm) to correlate the chemical
structure of the C-S-H gel to one of the known chemical compounds such as the
1.4 tobermorite, Jennite, C-S-H | and C-S-H Il. When assessing hardened cement paste
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pore structure, larger scales are normally used which are in the range 1nm-100nm
(Jennings, 2000). In hardened cement pastes, water-filled spaces, unhydrated cement
particles and hydration products co-exist.

Two pore types exist in hardened cement paste which are gel pores within the C-S-H
product, and capillary pores between the hydration products in the residual water-filled
spaces (Garboczi and Bentz, 1996; Taylor, 1997).

Gel pores

The C-S-H itself is a porous material which has a porosity of ~28%. The gel pores within
the C-S-H have an average diameter of about 0.5nm, which is an order of magnitude
greater than the water molecule (2.75A). This size for the gel pores has been suggested
due to the fact that the hydration products do not form in pores which are less than 2nm.
This makes the C-S-H gel porosity fixed and does not change to any great extent unlike
the capillary pores (Aligizaki, 2006).

Capillary pores

The capillary pores within hardened cement paste exist as an interconnected network of
continuous and discontinuous channels. This type of pore is the main factor which affects
the durability properties in the hardened cement paste and concrete (Richardson, 2000),
unlike the gel pores which do not contribute to transport processes. As it has been stated,
in comparison to the gel pores the capillary pores are much larger and their diameters can
vary within a wide range from 2nm-10um. Pores, in terms of their diameters, are
classified into 3 groups:

(@) Micro pores: which have a diameter less than 2nm;

(b) Mesopores: includes pores sizes in the range between 2nm to 50nm; and,
(c) Macropores: contains pores which are >50nm.

The pore sizes have a significant influence on the ease of ionic transport through the pore
network. In the case of the mesopores, electrostatic interaction between the pore-walls
and the pore-liquid could have an extended effect through a significant fraction of the
pore diameter, which affects transport processes. Pore tortuosity, pore connectivity and
pore size distribution are much more important than the total porosity in terms of concrete
durability, as aggressive agents (such as chloride) will normally travel through the
connected pore network (Diamond, 2004; Ye, 2005).
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2.5 Supplementary cementitious materials

Supplementary cementitious materials (SCMSs) are inorganic materials which are added
to Portland cement. These materials have been shown to enhance the long-term properties
of concretes in terms of both the durability performance and increasing concrete strength.
An additional advantage of using SCMs is the utilization of industrial by-products thereby

lowering the production cost in the cement industry (Wu et al., 1983).

There are two types of SCMs based on their reactivity to produce hydration products:

(a) Pozzolanic materials: These are materials which are rich in Si0O, and Al,05 with a
deficiency in CaO. These materials need a source of CaO to react with water at normal
temperature, which is normally provided by the CH produced from the hydration reaction
of Portland cement when mixed together. An example of this type of material is fly-ash
(Taylor, 1997; EN197-1:2011, 2011).

(b) Latent hydraulic binder: This type of material acts as hydraulic cement as it reacts
when it is mixed with water but at a slow rate. Reaction rate is increased by materials
such as CH. An example of a latent hydraulic cement is ground granulated blast-furnace
slag (GGBS) (Chen, 2006).

These inorganic materials are added to cement by two ways: either by grinding the SCM
material with cement during the cement manufacturing process, or by mixing them
together in the concrete production process. The later procedure is preferred due to the

control of each component separately (Taylor, 1997).

2.5.1 Ground granulated blast furnace slag (GGBS)

Manufacturing process and chemical composition

GGBS is a product from the production of pig iron. In the manufacturing process,
limestone reacts with materials which are rich in silicate and aluminate and are present in
the iron ore and coke. At high temperature (1350°C-1550°C) the slag forms a layer above
the liquid iron due to its low density in comparison to the molten iron (Taylor, 1997,
Hewlett, 2003; Chen, 2006). The cooling process is an important factor which
consequently defines the slags cementitious properties and hydraulicity. Rapid cooling to
below 800°C forms a glassy material which is desirable if it is to be used as a cement
replacement material (Taylor, 1997). The cooling process can be performed by three
different procedures:
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(@) The use of high pressure water (2-3.5 bar) which is sprayed onto the molten liquid
slag, with the slag: water ratio in the range from 1:6-1:10. This produces a wet, sandy
glassy, material which is subsequently dried and ground to give a 95% glassy material of

ground granulated blast-furnace slag (Bensted and Barnes, 2002).

(b) Another method is called the ‘Pelletization method’. In this method, the cooling
process depends partially on water and throwing the partially cooled molten material in
to the air by a rotating drum to produce pellets. These pellets vary in size with a glassy
content of about 50%. The resultant product in this process is called pelletized slag
(Taylor, 1997) .

(c) The third method is performed by cooling the slag slowly through the use of air and
then accelerate the cooling process by the use of water. The material produced in this
process is called air-cooled slag which is a dense solid material and normally used as
concrete aggregate, paving aggregate and road-bases (Hewlett, 2003; Chen, 2006).

All three cooling procedures are used in the manufacturing process in the iron industry;
however, in terms of the quality of GGBS produced, the first cooling process is preferable
due to the glassy content of the final product which, ultimately has a great effect on the
activity of the GGBS (Fu et al., 2000). On the other hand, the second cooling process is
preferable in terms of the iron manufacturing industry as it provides low-cost for the
industry as well as reducing the emission of gases, but in terms of the GGBS produced it

contains less glassy material in comparison to the first method (Taylor, 1997).

The major chemical composition of GGBS: MgO (0-21%), Al,0(5-33%), Si0,(27-
42%), CaO (30-50%) (Taylor, 1997) together with other minor components as shown in
Table 2.2 for UK slag.

Hydration reaction of slag cements

When GGBS is mixed with water, a small heat evolution peak is observed due to the
initial dissolution of ions (Shi and Day, 1995). However, this immediate initial reaction
halts due to the formation of a protective glassy layer on the surface of the GGBS which
prevents the diffusion of water to the particles. Normally activators such as Ca(OH), are
added to accelerate the dissolution of the glassy network of the slag which leads,
eventually, to the precipitation of calcium silicate, calcium aluminate and magnesium

aluminate. In the presence of sulphate ions, ettringite is also formed due to the reaction
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between the aluminate phase and the sulphate ions. Portland cement can be used as one
of the activation agents for the GGBS due to the release of alkalis and CH during the

hydration process.

The hydration of the slag cements is slower than pure Portland cement as is reflected in
the total heat evolution as well as in the rate of the heat evolution (Kolani et al., 2012).
This low heat emission of slag cements has been used as an advantage in mass concrete

structures to minimizing thermal cracking.

Wau et al. (1983) and other researcher (Wu et al., 1990; De Schutter and Taerwe, 1995)
have noted three peaks in the slag-cement heat evolution rate plot in the early hydration
period. In pure Portland cement pastes only two peaks are detected during the same
period. The authors have attributed the first two peaks to the rapid dissolution of ions and
the accelerated period which both are normally observed in pure Portland cement. On the
other hand, the third peak in the heat evolution rate has been attributed to the reaction of
the GGBS in the mix which is activated by the release of the CH and alkalis from the
Portland cement hydration (De Schutter and Taerwe, 1995). Wu et al. (1983) have noticed
that the third peak, which has been attributed for the GGBS reaction, always occurs at the
same time regardless of the slag content, however, its intensity is proportional to the

amount of the slag replaced in the mix.

In terms of strength development, the short-term strength has shown to be lower in slag
cements in comparison to pure Portland cement, as the Portland cement is responsible for
the early strength development. In the long term, it has shown that the strength of slag
cement is higher than Portland cement mixes (Wu et al., 1990; Osborne, 1999; Hewlett,
2003; Chen, 2006).

The amount of the CH produced from the hydration of the slag cement is less than pure
Portland cement hydration (Fu et al., 2000; Kolani et al., 2012) as well as the Ca/Si ratio
of the produced C-S-H. For example, in a 50% slag replacement the Ca/Si ratio is 1.55 in
comparison to 1.8 for the pure Portland cement (Taylor, 1997).
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2.5.2 Fly-ash

Manufacturing process and chemical composition

Fly-ash (FA) is a by-product from thermal power stations. The FA is produced from the
burning and the pulverizing process which the coal passes through before being utilized
in power plants. The coal is pulverized before it is supplied to the boilers where the coal
Is burned to generate steam which is required in the power generation process. During the
burning process, which is performed at a temperature in the range of (1000-1500°C), fine
particles in the flue gases are precipitated by electrostatic or mechanical processes to form
the FA. Coarser particles accumulate at the bottom of the furnace to form what is called
bottom ash (Bensted and Barnes, 2002). Fly-ash quality depends on the type of coal,
hence its mineral composition as well as the burning process. In terms of the coal,
bituminous coals are high in their glassy content (Fe, 03+ Al,05+Si0,) but lower in their
lime content CaO (<10%). Whereas fly-ash formed from sub-bituminous coal has a CaO
content >20% (Papadakis, 1999). The chemical composition of typical low CaO fly-ash
(ASTM class F) is presented in Table 2.3.

Fly-ash particles have a glassy, spherical shape with a diameter between 10pum-40um;
however, the thermal history plays a role in the topology of the fly-ash, as irregular
particles could appear if insufficient burning temperature or burning duration was
implemented (Taylor, 1997; Bensted and Barnes, 2002). Carbon can also be present in
fly-ash in spherical or irregular porous particles which leads to lowering the specific
gravity of the fly-ash. The specific gravity for fly-ash is in the range 1.6-2.8 and the low
limit associated with the presence of carbon or the presence of hollow spheres.

Hydration reaction of fly-ash

The main features which can distinguish the hydration reaction of fly-ash cement are low
heat emission and delay in the setting time (Jun-yuan et al., 1984; Langan et al., 2002;
Sakai et al., 2005; Dittrich et al., 2014). In terms of the hydration products, FA mixes
produce less CH in comparison to the pure cement mixes due to the reaction between FA
and CH to form C-S-H hydration products. The amount of the CH in the mix has been
used in some studies as an indication to the pozzolanic reaction rate (Mehta and Gjarv,
1982; Jun-yuan et al., 1984). The retardation in the induction period has been investigated
by the addition of FA to pure tricalcium silicate (C5S) and is due to the adsorption of the
Ca?* on the FA particles which delays the nucleation of the CH in the solution (Langan
etal., 2002).
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In terms of the effect of the FA on the acceleration stage of cement, it has been observed
that the FA acts as a nucleation site for the C-S-H and CH, as at relatively early ages
(~1hr) a C-S-H film forms on the FA particles. It has been argued that this C-S-H is not
a part of the hydration products of the FA as the FA hydration products do not form on
the surface of the FA but precipitate elsewhere. The nucleation effect of the FA has been
detected through comparing the rate of heat generation in the mixes.The rate of heat
shows an increase for the FA mixes in comparison to the pure Portland cement mixes (see
Figure 2.5) (Langan et al., 2002). It should be mentioned that, in the latter study the heat
rate was normalised by the cement weight to separate the effect of the FA as it is well

known that FA reduces the absolute heat evolution in the mixes.

FA hydration reaction can be explained by a model which illustrates the process (Bensted
and Barnes, 2002). In the proposed model, the dissolution of alkalis from cement,
produces a rich Al -Si layer on the FA particles; calcium ions from the aqueous phase are
adsorbed to this layer forming C-S-H hydration product. The model proposes that the
dissolution of the alkalis accelerates the generation of AIO from the FA surface which
reacts with the calcium ions increasing the surface layer. Eventually, an osmotic pressure
between the interior and the exterior of the surface layer ruptures the layer which leads to
the precipitation of more hydration products away from the FA surfaces.

Papadakis (1999) has shown that FA particles during the early hydration period (<3days)
are used as nucleation sites for cement hydration products which are, for example,
ettringite and CH. No traces of the FA particle reaction could be detected within the first
21 days after mixing with water. During the first 21days, the hydration products
surrounding the FA particles have been attributed to the reaction of the cement clinker,
as the hydration of the FA has been shown to commence after 6 months.

In terms of strength development, the replacement of cement by FA decreases the early
strength development due to its low reactivity in comparison with the pure cement.
However, at the late stages (>3months) the FA mixes show a higher strength than the pure
cement mixes (Mehta and Gjgrv, 1982; Jun-yuan et al., 1984; Papadakis, 1999), but the

increase depends on the replacement level.

2.6 Summary
In this chapter, the steps of cement manufacturing process have been illustrated, and the

quality control measures which are normally conducted to ensure the compliance of the
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raw meal and the clinker to the chemical composition have been shown. The polymorphs
of the four phases which constitute cement are dependent on the thermal history as well
as the impurities which are used to stabilise these phases.

Six periods in the calorimeter response are normally identified through the first 24hrs
after mixing Portland cement with water. These periods have shown to be similar for the
hydration reaction of the alite phase and the belite phase despite the delay and the low
thermal activity for the hydration process of the latter. The main hydration products for
the silicate phases (alite/belite) are C-S-H and the CH. The belite gives less CH when

compared with the alite phase.

Both the hydration reactions of the aluminate phase and the ferrite phase are shown to be
affected by the addition of calcium sulphate. Calcium sulphate reduces the reactivity of
the mentioned phases by forming a diffusion barrier layer of ettringite. In the absence of
sulphate ions, hexagonal hydrates form rapidly leading to the flash setting phenomena

Different theories were presented to explain the induction period in the hydration of
cement, and the triggering causes of the acceleration period according to each theory has
been discussed. The different processes which contribute, together on the setting process,
have been illustrated and the different types of pores which form consequently have been
categorized according to their sizes and their influence on the transport processes of ions

through the cement matrix.
The difference between the two main types of SCMs (pozzolanic and latent) has been

discussed and the manufacturing process, as well as the hydration process for both the
GGBS and the fly-ash, has been illustrated.
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Figure 2.1: C3S phase rate of heat evolution through the hydration time.
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Figure 2.2: CaO and SiO> concentrations on the C-S-H phase solution (Taylor, 1997).
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Figure 2.3: Hydration kinetics for different cement phases (Hewlett, 2003).
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Figure 2.4: Hydrate formations on the surface of a cement grain during hydration. (a)
unhydrated cement grain with different composing phases; (b) at 10mins
hydration, AFt short rods and aluminium gel start to appear on the surface of
the grain due to C3;A reaction with gypsum; (c) at 10hrs age outer C-S-H
hydration product forms on the ettringite short rods leaving 1pum gap from the
surface of the cement grain; (e) at 18hrs gradual formation of AFm inside the
hydration shell as well as the C-S-H inner product, (f) at 1-3days C-S-H inner
product fills the gap between the outer product and the unhydrated cement
grain (Taylor, 1997).
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Controlling ratio | Highest Value | Mean Value | Lowest Value

LSF 101 96 90
SR 4.2 2.5 1.4
AR 4.2 2.3 0.6

Table 2.1: LSF, SR, AR of clinker produced in Germany adapted from (Bensted and
Barnes, 2002).

Oxide type Weight percentage% in UK

CaO 39.9-40.5
MgO 8.3-8.8

Al,04 11.0-13.1

Sio, 35.2-37.0
S 0.9-1.1
Na,0+K,0 0.5-0.7

Mn 0.28-0.35

CaO+MgO+AL,05/Si0, 16.5-1.74

Table 2.2: Chemical composition for blast furnace slag in the UK (Bensted and Barnes,
2002).
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Oxide type Composition

percentage %
Na,0 15
MgO 1.6
Al, 04 27.9
Sio, 48.7
P,0s 0.2
S0, 1.2
K,O 4.2
CaO 2.4
Tio, 0.9
Fe,04 9.5
C 1.5
H,O 0.3

Table 2.3: Chemical composition of low calcium fly-ash (Taylor, 1997).
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Chapter 3 — Electrical Property Measurements on Cementitious

Materials

3.1 Introduction

Monitoring the electrical properties of cementitious materials can provide valuable
information in terms of characterizing the effect of different physical and chemical
processes which take place. Environmental exposure, wetting and drying cycles,
hydration process and mechanical loading effects (Cabeza et al., 2003), can be monitored
non-destructively by the use of AC immittance spectroscopy which is sensitive to the
changes in the pore structure as well as the ongoing chemical reactions in the cementitious
materials (McCarter and Brousseau, 1990; Gu et al., 1992; Gu et al., 1993; Gu and
Beaudoin, 1997; Cabeza et al., 2006; Sanish et al., 2013). In order to explain the
background to AC immittance techniques, there are a total of four levels: impedance
Z(»); admittance Y (o) (=1/Z(w)); relative permittivity, &,(o) and the electric modulus,
M(w) (=1/e,(®)). The impedance and the permittivity levels will be considered in the
following discussion as a general case for the other levels. It is also shown that the

different formalisms are all related mathematically to each other.

3.2 Preliminaries

Acquiring the AC immittance response from a material requires the application of an
electrical stimulus over a range of frequencies. The electrical stimulus which is normally
used is either a constant voltage or a constant current and is applied to the material through
electrodes. General examples of the electrical parameters obtained from AC immittance

tests are the bulk conductivity (or its reciprocal resistivity) and permittivity.

3.2.1 Impedance level

It has been shown that the impedance of a cementitious material, Z*(w) (in ohms, Q), can
be represented in complex format through the relationship (McCarter and Brousseau,
1990; Christensen, 1993):

7' (w) = Z'(0) — iZ"(w) (3.1)

where o is the angular frequency (= 2zf where f is the frequency of the applied field in
Hertz), Z'(w) is the real or resistive component, Z''(w) is the imaginary or reactive
component and i = v—1. Plotting equation (3.1) in rectangular coordinates is known as

the Nyquist format i.e. —iZ""(w) versus Z'(w). Regarding the Nyquist formalism, if the
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system can be electrically modelled as a resistor in parallel with a pure capacitor whose
capacitance (in Farads) is constant with increasing frequency, the polar plot will take the
form of a semicircle. Figure 3.1(a) displays the plot for a pure resistor/capacitor
combination with R =1.0 kQ and C = 1071°F, which produces a semicircle whose centre
is located on the real axis. Frequency increases from right to left across the plot. However,
for saturated porous media, such as cementitious materials (see, for example, (McCarter
and Brousseau, 1990; Christensen et al., 1994; Keddam et al., 1997; Cabeza et al., 2002;
Ball et al., 2011)), the plot takes the form of a circular arc whose centre is depressed
below the real (Z"(w)) axis. This is due to relaxation of polarization processes within the
system and results in dielectric dispersion, i.e. the decrease in the capacitance with
increasing frequency. To account for this phenomenon, the ideal capacitor is replaced by
a pseudo-capacitance or constant-phase element (CPE) to account for the dispersive
behaviour of the medium. The CPE is a complex, frequency-dependent parameter defined

by the relationship:

1
C.(iw)? (32)

2" cpe (w) =

C, is a coefficient and the exponent, p, has a value such that 0 < p < 1; if p equals 1, then
the equation is identical to the reactive component of a pure capacitor of value C, with
units in farads (F). When a CPE with value of p < 1 is placed in parallel with a resistor, a
circular arc is produced with its centre depressed below the real axis with C, having units
F sP~1, Figure 3.1(a) also presents the Nyquist plot fora CPE (C_. =101 Fs~%2 and p
= 0.8) in parallel with a resistor R = 1.0 kQ which now results a circular arc with its
centre below the real axis. With reference to the schematic diagram in Figure 3.1(b), the
depression angle, « (in degrees) of the circle centre (O) is related to the exponent, p, in

equation (3.3) through the relationship:

a=(1-p)90° (3.3)

3.2.2 Permittivity Level

When inserting a dielectric material between two electrodes, the surface charge density
drops by an amount which is equal to the polarization density, hence the total charge
density at the electrodes will be equal to the free charge density induced by the electrical
field plus the bound charge density which is represented by the polarization density as in

equations (3.4) and (3.5),
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P =¢yE (3.4)
D=P+¢,E (3.5

Where: D = the total charge density at the electrodes (Electric displacement) (C/m?); P =
the polarization density in the dielectric material (C/m?); .= vacuum permittivity
(8.854x10712 F/m); y = dielectric susceptibility of the material (dimensionless); E=
electrical field (V/m);

From equations (3.4) and (3.5), equation (3.6) below can be deduced which, in turn,
relates the total charge density to the permittivity of the material between the electrodes,

as well as with the generated electrical fields:

D = g.e, E (3.6)

Where &gis the static permittivity and equals (y + 1) (F/m). When an alternating
electrical field is used in characterizing the cementitious material instead of a static field,
both the electric field and the electric displacement in this case are time-variant and can
be expressed as (Feldman et al., 2015):

E(t) = E et (3.7)
and,
D(t) = D, el(@t=8(w) (3.8)

Where: E(t) = time variant electric field (V/m); E,= Electric field amplitude (V/m); w=
angular frequency (rad/sec); D(t) = Time variant total charge density (C/m?); D,= total

charge density amplitude (C/m?); and & (w) = Phase lag of the electric field (rad).

By substituting equation (3.7) and (3.8) in equation (3.6) to get the time variation effect
on the material electric permittivity, the complex permittivity (instead of the static

permittivity) is defined according to equations (3.9) and (3.10):

e'(w)=¢"(w) —ie"(w) (3.9)
e (0) = (EDE; )% eldw (3.10)
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where € *(w) the complex permittivity (F/m); €'(w) the real part of the permittivity
(F/m); €' (w) the permittivity imaginary part (loss) (F/m). The relative permittivity, €,
which is a dimensionless parameter, is normally used in material characterization, which

Is the ratio of the real part of the permittivity and permittivity of a vacuum e,

. _&'(w)
(ie. g = = )

From both equations (3.9) and (3.10) it can be deduced that the permittivity of materials
is frequency dependent, and it has been shown that as the AC frequency increases, the
permittivity decreases. This is physically attributed to the inability of the material charges
to follow the alternation of the electrical field at high frequencies. This process is known
as relaxation. Therefore, at low frequencies the permittivity records high values due to
the contribution of different polarization mechanisms, in contrast to its values at higher
frequencies as polarization processes relax. Through the frequency spectrum, different
polarization processes have been shown to appear and relax at different frequency ranges.
The type of the dominant polarization process is material dependent as well as frequency

dependant.

Bulk polarization processes

Six types of polarization processes are present depending on the AC frequency range as
well as on the type of material (Hasted, 1973; Scaife, 1998; Beek, 2000). Four
polarization processes take place in homogeneous materials (see Figure 3.2), and the
remainder take place in heterogeneous materials. In homogeneous materials, polarization
processes are as follows:

(i) Orientation dipole polarization:

This occurs in dielectrics with a permanent dipole structure such as water. In this
molecular structure the dipole rotates when an electrical field is applied (see Figure 3.2
(@)). Other types of molecules do not possess this permanent dipole property because of
their symmetrical molecular structure, such as in the case of CO, molecule. At sufficiently
high frequency values, normally more than the microwave frequency range for the water
molecule, the rotational dipole polarization relaxes, and in consequence it will not

contribute any more to the polarization process hence permittivity (Hasted, 1973).

(i1) Atomic polarization:
This type of polarization occurs at infra-red frequencies and is due to the rearrangement
of the natural distribution of atoms or atom groups in molecules in sympathy to the

applied electrical field (see Figure 3.2(b)) (Van Beek and Hilhorst, 1999).
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(iii) Electronic polarization:

In which the electron cloud in atoms is shifted from the nuclei to one side due to the

imposed electrical field and is similar to atomic polarization (see Figure 3.2(b)).
(iv) lonic polarization:

This type of polarization occurs at visible light frequencies in ionic crystals by rearranging
the distribution of the negative and the positive ions in the lattice according to the
direction of the applied electric field (see Figure 3.2(c)).

It could be noticed that the electronic, atomic and ionic polarization processes induce
charge rearrangement in the dielectric material; however, the scale of charge localization
differs for each polarization processes, i.e. atomic scale, nuclei/electron scale and crystal
scale, respectively. Figure 3.3 shows the frequency ranges at which the different
polarisation mechanisms in a homogeneous material take place, and the effect of AC

frequency increase on the real and imaginary permittivity.

Two additional polarization mechanisms take place in heterogeneous materials at
relatively low frequencies ranges (normally in the kHz-MHz region) which are (Coelho,
1979; Beek, 2000):

(v) The interfacial polarization (Space charge polarization):

In which ions drift in the applied electrical field and are blocked by discontinuities in the
electric paths. lons, therefore accumulate at the interfacial zones on both sides of the

discontinuous paths, forming what is known as interfacial polarization (see Figure 3.4(a)).

(vi) The double-layer polarization:

In which the surface of the solid /liquid interface form an electrical double layer of
oppositely charged ions which can be polarized in the electrical field thereby inducing a
large dipole moments (Harrop, 1972; Beek, 2000) (see Figure 3.4 (b)).

From the dependency of the polarization processes on the AC frequency, material
characterization by AC immittance techniques should consider the type of the
polarization mechanisms which takes place in the material due to the applied electrical
field.
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Electrode polarization process

This type of polarization process takes place at the sample/electrode interface particularly
in ionic electrolytes. The application of electric field encourages ions to accumulate on
the surface of the metallic electrodes producing a double-layer of oppositely charged ions.
This polarization process contributes in reducing the electrical field in the bulk material
due to the adsorption of the charges on the electrodes surface. This is significantly
pronounced when using direct field or low-frequency alternating field (Schwan, 1968).
Several models had been introduced to describe the double-layer at the sample/electrode

interface, such as:

(@) The Helmholtz model suggested a simple, two-plate molecular capacitor, as one of
the plates represents the metallic electrode and the other represents the strongly
adsorbed counterion layer originating from the solution on the surface of the metallic
electrode. The distance between the two plates has been assumed to be in the order of
0.5nm therefore producing a high capacitance value. The potential drops over the
thickness of the Helmholtz double-layer until it attains the bulk material potential
value (Martinsen and Grimnes, 2011) (see Figure 3.5(a)).

(b) Due to the extended thickness of the electrical-double layer in diluted electrolytes, in
contrast to the concentrated ones, the Gouy-Chapman model has suggested a diffused
double-layer in which the transition of the latter to the bulk solution is more gradual.
In this model, an exponential decay for the electrical potential through the diffused
double layer is assumed to take place (see Figure 3.5(b)). The thickness of the

diffused double-layer is estimated by the Debye length according to (Lvovich, 2012):

Ap = \/srsokBT/ZeZan (3.11)

Ap=is the characteristic length of the diffused double layer; €,= relative permittivity
of the medium; €, = permittivity of free space F/m; kg is the Boltzman constant; T:

temperature (K); e = unit of charge and n = concentration of free ions.

(c)the Stern model has considered both the adsorbed and the diffused nature of the
electric-double layer on the surface of the electrodes. In this model, the double-layer
is divided into outer and inner double-layers, which represent the diffuse (Gouy
layer) and the adsorbed layer (Stern layer) respectively. The Gouy layer starts at a

distance which is equal to the radius of the adsorbed ion (see Figure 3.5(c)).
39



Methods of reducing electrode polarization (EP):

The electrode polarization impedance, Z,(w), is represented by equation (3.12)

according to Schwan (1963) in which the polarization resistance, R,, iS connected in

p!
series with the polarization capacitance C,; both electrical parameters are connected in
series with the sample bulk circuit which is composed of a resistance R connected in

parallel with a bulk capacitance C, (see Figure 3.6).

Z,(w) =R, + -

p(@) =Ry iwC, (3.12)
Electrode polarization impedance can mask the bulk material response unless using a
sufficiently high measuring frequency. Different electrode polarization correction
techniques have been suggested in the literature. These correction techniques can be
divided into two main types, which are:

Apparatus compensation methods (Emmert et al., 2011; Paul Ben et al., 2013):

(@) Changing the electrode spacing as, in this case, the electrode polarization impedance
does not depend on the sample size but the spacing between the electrodes, therefore the

contribution can be detected and separated from the bulk response.

(b) Using a 4-point electrode configuration, in which the potential of the sample is
measured by different electrodes, therefore avoiding the current injecting electrodes and

their associated double layer.

(c) Using non-polarizable electrodes such as platinum electrodes (Hoffmann et al., 2006),
which have the advantage of increasing the surface area, such as by the use of a platinum
black powder, therefore decreasing the EP impedance.

Analvtical methods (Davey et al., 1990: Bordi et al., 2001):

(a) Modelling the measured response by the use of an equivalent electric circuit and then

extracting the material response from the measured response; or,

(b) using empirical functions to fit the experimental data in order to separate the bulk

response from the electrode polarization response
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By taking into consideration the polarization correction techniques noted above,
apparatus compensation techniques are relatively difficult to apply to cementitious
materials as their conductivity and, consequently, the electrode polarization effect is
continuously changing through the hydration process. This necessitates the continuous
adjustment of apparatus compensation techniques to accommodate the continuously
changing electrode polarization effect. Therefore, analytical methods could be more
favored in this case.

3.3 Review of electrical property measurements on cementitious materials

3.3.1 Early hydration (0-24hrs)

Conductivity/Resistivity response

Electrical measurements on cement-based materials can be traced back to the 1920’s.
Shimizu (1928) studied the setting process in Portland cement pastes at different
temperatures in the range 18°C - 50°C with the time of the break point denoted (P) in
Figure 3.7 in the conductivity curve related to the time of final set. It was also shown that
as the temperature increases, the final setting time decreases. Boast (1936) studied the
period from gauging over the initial ~3hrs for cement pastes with different w/b ratios and
at different temperatures. It was shown that the early conductivity peak, which also
appeared on Shimizu (1928) data (see Figure 3.7), is affected by temperature as well as
the w/b ratio. The early peak was related to the increase of ions in the mixing water due
to the dissolution of the cement grains; thereafter, the decrease in the conductivity was
related to the increase in the viscosity of the mix.

Monfore (1968) highlighted the effect of cement alkali content on the resistivity during
early hydration. In this study two types of cement were used and the cement with higher
alkali content (paste B) showed lower resistivity values when compared with the low
alkali cement (paste A) (see Figure 3.8(a)). It was also shown that the early hydration
resistivity response for cement pastes is similar to the resistivity response through time
for the pure C3S component (see Figure 3.8(b)). It is interesting to observe that the sudden
change in the slope in Figure 3.8(a) in which Monfore (1968) had considered repeatable
has also been observed by McCarter and Curran (1984). No particular hydration activity
was assigned to this feature by Monfore (1968); however, McCarter and Curran (1984)
have attributed this feature either to the increase in the ions in the mix due to the

acceleration period of the hydration reaction, or due to the increase in the temperature of
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the mix which had been monitored during their study. Whittington et al. (1981) extended
their research to include both the early hydration resistivity response for concrete mixes
and cement pastes. In this study, the authors noticed a systematic decrease for the
electrical resistivity of both cement pastes and concrete mixes as the w/b ratio increases.
Also, a noticeable decrease in the resistivity of the pastes was observed during the first
5hrs after mixing, in which the decrease was not observable in the case of the concrete
mixes. The decrease in the resistivity during this period was attributed to either the
increase in the temperature of the mixes due to the exothermic hydration reaction, or the

increase in the number of ions in the solution due to the dissolution process.

A more detailed study had been conducted by McCarter and Afshar (1985) on a Portland
cement paste with 0.27w/b ratio over selected frequencies, viz. 100Hz, 1kHz and 10kHz.
Considering Figure 3.9, the early hydration resistivity response was divided into four

stages which were related to the known stages of hydration as follows:

1) Stage | 'pre-induction stage':

This stage occurs when the resistivity records low values due to the rapid dissolution of

ions from the cement particles at the start of the measurements.

2) Stage Il 'induction or the dormant stage':

The resistivity at this stage has shown to record a slight increase. This has been attributed
to the formation of an unstable weak C-S-H membrane layer on the cement grains which
hinders dissolution. Also, the slight increase in Stage 11 regarding the resistivity value has
been attributed to the formation of the contacts between the C-S-H gel surfaces which
block the pathways in the cement paste hindering the free charge movement (Garvin,
1991).

3) Stage lll ‘acceleration period’:

This stage has been related to setting, causing an increase in the electrical resistivity due
to the formation of stable C-S-H and a capillary pore network. Also, the continuous
deposition of the hydration products inside the capillary pores (C-S-H and Ca(OH,))
replaces the evaporable water, thereby increasing the constriction and tortuosity of the

electrical conduction pathways which contributes to the increase in resistivity.

4) Stage IV ‘Steady acceleration period’:
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During Stage IV the resistivity displays a steady increase although a decrease occurs at
the age of 600 min which has been related to renewed activity for the C;A phase. After
Stage IV the resistivity continues its increasing trend at a steady rate as in this period the
paste hardens and the pore structure continuously develops through time.

McCarter (1987) has highlighted the effect of the measuring frequency on the obtained
resistivity values. It has been shown that as the measuring frequency increases the
resistivity decreases (see Figure 3.10). Therefore, by using this feature two types of
electrical conduction in cement pastes have been identified, the ionic electrical
conduction through the connected capillary pores, and a surface conduction effect via the
adsorbed gel water. The author in this study has introduced a parameter which is the
percentage frequency effect factor (PFE) which is the percentage difference between the
low frequency resistivity of the mix, at 100Hz, and the high frequency resistivity of the
mix 300kHz. This factor has been explained in terms of the gel-space ratio in the mix,
and it has been shown that it is affected by the used w/b in the mixes (see Figure 3.11).
Many studies have utilised impedance spectroscopy during early hydration in order to
obtain reliable bulk electrical resistivity or conductivity rather than using selected
frequencies (Christensen et al., 1994; Wei and Li, 2005; Xiao et al., 2007; Xiao and Li,
2008; Manchiryal and Neithalath, 2009; Sanish et al., 2013). By extracting the pore-water
solution for different cement pastes, as well as measuring the bulk electrical conductivity,
Christensen et al. (1994) were able to estimate the capillary pore fraction of the cement
pastes at different ages. Also, as an example of impedance spectroscopy to extract the
bulk resistivity/conductivity of cementitious materials through time, is the study which
has been conducted by Manchiryal and Neithalath (2009) to evaluate the effect of
different w/b ratios, aggregate /cement ratios and SCM additions on concrete and cement
pastes electrical response. In this study, it has been shown that the setting time, which is
obtained from the minima of the conductivity derivative diagram in the early hydration
period, is related to the setting time results which were obtained from the Vicat needle
test

Sanish et al. (2013) compared the stages which appear in the isothermal calorimetric
studies diagrams during the early hydration period with the conductivity for the cement
pastes, as well as the conductivity derivative diagram through time. Four stages were
identified between the electrical conductivity and the calorimeter tests for a 0.3w/b ratio

normal Portland cement, which are presented below (see Figure 3.12):
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I. An increase in the conductivity, reaching a maximum between 0-1.2hrs due to ion

dissolution. The end of this zone is marked in the conductivity diagram as point (a);

Il. The zone extending from point (a) to point (b) witnesses a gradual decrease in
conductivity. This zone could be related to the induction period which extends,

according to this study, of 1.2hrs to 3hrs;

I11. In this zone (from point (b)-(c)) a rapid decrease in conductivity occurs revealing an
accelerated reaction and the formation of the hydration products (3-12hrs); and,

IV. A gradual decrease in the conductivity through time as the hardening stage proceeds
and more constricted electrical paths are produced (>12hrs) which corresponds to the

zone after point (c).

With regard to the effect of SCM’s on the conductivity/resistivity of the material, Wei
and Li (2005) have shown that the resistivity of pastes with fly-ash additions has higher
values during the early hydration stage and a lower electrical resistivity after the setting
stage. These findings have been obtained through the use of a single frequency electrical
resistivity measurement for 0.4 w/b ratio pastes. The same findings regarding the
electrical resistivity in the first hours during the early hydration stage, have been reported
in other studies (Xiao and Li, 2008; Manchiryal and Neithalath, 2009; Sanish et al., 2013).
This increase in the resistivity was attributed to the more conductive pore solution which
the Portland cement possesses in comparison to the fly-ash replaced samples (see
Figure 3.13).

Regarding the GGBS resistivity/conductivity response, there are two types of studies
found in the literature: the response of the activated GGBS, and the response of GGBS as
a replacement material for Portland cement with a specific addition percentage. By
activating the GGBS with sodium silicate (NS) and calcium hydroxide (CH), it has been
shown that the electrical conductivity for all the mixes with time shows the same early
hydration stages (McCarter and Ezirim, 1998b). However, the early hydration stages of
the GGBS mixes are significantly delayed and extended through time than the normal
Portland cement mixes. Also, it has been shown that the GGBS with CH as activator is
more delayed in its reaction in comparison to plain Portland cement mixes and the GGBS
activated with NS.

The delaying effect of the GGBS when added to Portland cement paste mixes has been
noticed by Zhang et al. (1995), as it has been shown that the lower the slag replacement

level the conductivity curve is much closer to the conductivity curve for the pure Portland
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cement, despite the lengthening in the induction period in the slag mixes. It had been
shown by McCarter et al. (2013) that the initial values for the electrical conductivity for
the GGBS replaced materials for concrete samples, are inversely related with the
increasing addition percentage of GGBS. This has been attributed to the dependency of
the conductivity during early hydration on the ionic concentration within the aqueous

phase which is provided by the cement particles rather than by the GGBS particles.

With regard to the effect of aggregate addition to cement pastes on electrical response
during early hydration, it has been shown that the general trend and stages observed from
the resistivity is similar to the plain cement pastes (Wei and Xiao, 2011) although the
absolute values of the resistivity increases as the volume fraction of the aggregate
increases in the mixes (Afshar, 1986 ; Wei and Xiao, 2011) (see Figure 3.14 ). The
increase in resistivity is not just limited to the reason of including resistive particles
(aggregate) in a conductive phase (cement paste), but it has been attributed to the
formation of the interfacial transitional zone (ITZ), as this zone imposes a wall effect
which leads to higher water-content in these zones leading to a reduction in the actual w/b
in the cement matrix hence, the resistivity value. The influence of the aggregate addition
on the ITZ has been observed by assessing the normalized conductivity response through
time. The high volume of aggregate in the mix (60-70%) showed higher normalized
conductivity values due to the percolation of the interfacial transition zones (Figure 3.15).
Furthermore, the inclusion of aggregate extends the induction period during early
hydration, as the decrease in conductivity after the induction period, was progressively
delayed in comparison to cement pastes with increasing aggregate content (Princigallo et
al., 2003).

Permittivity response

Despite the paucity of work on the permittivity response during early hydration, studies
can be traced back to the 1970’s. One of the first studies which evaluated the permittivity
of cement-pastes was Taylor and Arulanandan (1974). In this study, the dispersion
diagrams for both the conductivity and the permittivity for 0.35 w/b cement-paste were
presented. The dispersion plots were obtained at times >23hrs over the frequency range
of 10MHz-50MHz (see Figure 3.16). The permittivity displayed a decrease as the

frequency increases highlighting the relaxation of low-frequency polarization processes.
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A more detailed study had been conducted by McCarter and Afshar (1985) with regard
to the temporal variation in the permittivity of cement paste. In this study, permittivity
displayed four stages as in the case of the resistivity, and these stages have been explained

as follows (see Figure 3.9):

1) Stagel: Once the samples are mixed with water, the permittivity displays an
anomalously large value (in the range of 10%), this has been explained in terms of the
polarization process associated with the cement grain surfaces, as mainly the Ca**, OH~
ions form a double layer polarization mechanism around the weak thin C-S-H gel which,
in turn, surrounds the cement grain. The electrical double layer induces a large dipole
moment, therefore a large value for the permittivity is recorded in this early stage (Afshar,
1986 ; Garvin, 1991).

2) Stage 2: In this stage, the permittivity displays a slow decrease value reflecting a period

of low reactivity.

3) Stage 3: This stage extends from 180-600mins. The permittivity displays a peak at 200
mins followed by a rapid decrease. This feature has been attributed to the rupture of the
C-S-H membrane around the cement grains, allowing ions to be released into the double-
layer region surrounding the cement grain and therefore increasing the polarizability of
the paste which results in an increase in the permittivity. The decrease in the permittivity
after the peak is taken to indicate that the charges released from the cement grain form a
stable C-S-H outer hydration product (Garvin, 1991).

4) Stage 4: During this stage, the value of the permittivity increases which coincides with
the decrease in resistivity at the same time and attributed to the renewed activity of the
aluminate phase. This Stage could be considered in agreement with the results of the TDR
(time domain reflectometry) performed on the early hydration period of cement pastes by
Hager and Domszy (2004). In this work, an increase in the permittivity values has been
observed from the age of 9.6 hrs to 19.3hrs, before the permittivity decreases.

After Stage 4, there follows a period of low reactivity, as the permittivity decreases
gradually with time and attributed to an irrotational binding of charges resulting from an

increase in rigidity of the paste.

It is noteworthy that at higher frequencies (10GHz) a different behaviour for the
permittivity has been observed through the first 24hrs for cement pastes (Moukwa et al.,

1991). In this case, the permittivity at this high frequency displayed a ‘conductivity-like’
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curve (see Figure 3.17), which indicates other polarization processes take place within
the material during this early hydration stage; however, their detection depends on the
measuring frequency. It is interesting to note that VVan Beek and Hilhorst (1999) have
shown that at low measuring frequency ranges (lower MHz values), the permittivity
displays the same peak which has been shown in McCarter and Afshar (1985), whereas
at high frequencies, this peak cannot be detected. This is possibly due to relaxation
processes as when the frequency increases, charges lose their ability to follow the
alternation of the applied electrical field, therefore their contribution to the permittivity
reduces (see Figure 3.18). In another study performed on an aluminous cement in the
frequency range of 1MHz-1.8GHz (Smith et al., 2002), the capacitance response through
time was explained in terms of three stages (see Figure 3.19):

(i) Zone I: A slight increase in the capacitance which is more discernible at low
frequencies, and attributed to the dissolution of calcium and aluminium ions

into solution;

(if) Zone lla: The capacitance value starts to rapidly increase, and is attributed to the
precipitation of hydration products;

(iii) Zone Ilb: The capacitance value decreases due to coalescence of the hydration

products;

(iv) Zone I11: This has been related to the period after the setting process, as in this period
the capacitance displays a low variation through time.

Therefore, from the permittivity response through the early hydration period, it can be
concluded that the measuring frequency range has a significant influence in detecting the

polarization process(es) which take place in the material.

In terms of mixes with fly-ash addition, permittivity values display an increase as the
replacement addition increases. This is observed in the frequency region >1kHz (see
Figure 3.20). With regard to GGBS addition, Zhang et al. (1995) investigated the
permittivity during early hydration at 9.5GHz for different percentages of slag
(0%, 30% , 60%, 90%). It was shown that the initial values for the permittivity after
mixing display a clear relation with the percentage of the slag, despite the retarding effect
which the addition of the slag caused during the induction period. In general, the
permittivity behaviour with time for the lowest slag percentage (30%) was similar to the

pure Portland cement mix. The permittivity with higher slag addition, showed larger
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values after the induction period which was particularly evident for the 90% slag cement

mixes (see Figure 3.21).

Nyquist plot

Manchiryal and Neithalath (2009) have shown that during the early hydration of cement
pastes, the Nyquist plot displays one arc which represents the electrode arc. The fresh
material at this early stage acts primarily as a conductive fluid; however, as the material
hydrates, another arc appears which represents the bulk material response (McCarter,
1994; Kim et al., 1995; Cormack et al., 1998) (see Figure 3.22). It is evident that with
increasing hydration time the bulk arc develops progressively, and becomes noticeable at

9hrs after mixing the samples with water.

Nyquist plots have shown to be sensitive to the addition of the fly-ash during early
hydration, as three distinctive zones are discernible which are (see Figure 3.23) (McCarter
etal., 1999; McCarter et al., 2003):

(1) A low-frequency arc in the range < 1kHz which has been attributed to the electrode

/sample interface polarization process;

(if) A high frequency arc which is attributed to the bulk sample polarization processes

which appears in the frequency range >150kHz; and,

(iii) A plateau region in the frequency range 1kHz-150kHz which separates the electrode

arc from the bulk arc and is attributed to the effect of the fly-ash.

It is worth mentioning that the prominence of this intermediate plateau region is affected
by the amount of the fly-ash replacement in the Portland cement paste and related to
carbon content, as the plateau region increases as the replacement amount increases from
10% to 40% (McCarter et al., 1999).

McCarter (1994) has also reported an early appearance of the bulk impedance arc in
mortar samples. The early appearance of the high frequency arc has been attributed to the
increase in the bulk resistance caused by the addition of aggregate which, in consequence,
reduces the characteristic frequency of the bulk arc to an observable range according to
equation (3.13):
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Where: f.: Bulk characteristic frequency (Hz); R,: Bulk resistance (Ohm); C,: Bulk

capacitance (Farad)

3.3.2 Hardening stage ( >24hrs)

Conductivity/Resistivity response

Camp and Bilotta (1989) have shown in experiments extending over 225 days on sealed
mortars and cement paste samples, that conductance values decrease through time which
Is in agreement with other studies (Afshar, 1986 ; Garvin, 1991; Hager and Domszy,
2004). The authors in this study divided the conductance dispersion diagram in the
frequency range from 100Hz-7MHz (see Figure 3.24), into three frequency regions which
were: a low-frequency dispersion region in which the conductance values increase with
frequency due to the relaxation of the electrode polarization effect (Starrs and Mc Carter,
1998), an intermediate plateau region which starts at approximately 1kHz, and a high
frequency dispersion region at 100kHz which has been related to the weakly adsorbed
water relaxation process. In the same study, it has been shown that the amount of sand in

the mix plays a dilution effect which reduces the conductance of the samples.

With regard to the influence of w/b ratio on the electrical properties during the hardening
stage, Scuderi et al. (1991) and Christensen et al. (1994) used three cement pastes with
different w/b ratios. By obtaining the bulk resistance from impedance spectroscopy, it
was clear that the lower the w/b ratio of the cement paste, the higher the bulk resistance,
which became more prominent as hydration time increases. This has been attributed to a
more connected pore network at the high w/b mixes which facilitates ionic conduction,
whereas the low w/b cement pasteshave a more constricted and tortuous capillary pore
network which hinders the conduction process. This is despite the fact that the low w/b
ratio mixes acquire a higher pore solution conductivity which increases with time in
comparison to the high w/b ratios mixes (Christensen et al., 1992; Christensen et al.,
1994). From this it could be deduced that the conduction process during the hardening
stage is more affected by the pore structure rather than the pore solution conductivity.

The latter conclusion has encouraged other researchers to utilize the
conductivity/resistivity of cementitious materials during the hardening stage to study the
effect of external environmental variables on the pore structure (e.g dry/wetting), or
evaluation of material properties such as permeability, tortuosity and diffusivity.
McCarter and Ezirim (1998a) and McCarter et al. (2013) used electrodes embedded at

different depths within the cover zone of concrete samples which were subsequently
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exposed to cyclic wetting and drying cycles - 24hrs absorption followed by 12 weeks
drying. It has been found that the conductivity in the cover-zone before wetting increases
with depth. This has been related to the more moist 'heartcrete’ than the surface of
concrete. In terms of the absorption cycles, it has been shown that the conductivity values
after the absorption cycles generally increase in comparison to their values after the
drying cycle, however this effect decreases with increasing depth from the surface. In
addition, at depths >40 mm it has been shown that the conductivity is least affected by
the wetting and drying cycles. The constant value of the conductivity at the ‘heartcrete’
has shown to decrease as a result of the ongoing pore structure development due to the
hydration process, and this reduction in the conductivity due to the hydration process is
very clear in the case of fly-ash mixes (see Figure 3.25).

Christensen et al. (1996) were in favour of using electrical measurements to evaluate the
permeability of cement pastes, due to the time, accuracy and cost which are associated
with conventional methods. The permeability of the cement pastes was estimated by Katz

and Thompson equation:

= 1 o 2
T 2260, € (3.14)

k” = Permeability (m?); o = bulk conductivity (S/m); o, = pore solution conductivity
(S/m); I = critical pore diameter of porous material. The critical diameter obtained from
the mercury intrusion porosimetry (MIP) is used to substitute this parameter. The pore
solution in this study was extracted from the samples to obtain its conductivity. The
comparative permeability data was obtained from Nyame and Iliston (1981) and IlIston
(1980). It was concluded that despite the high permeability results which the application
of Katz and Thompson gives, the trend with time was constant especially in the high w/b
mixes (see Figure 3.26). McCarter et al. (2000) have shown the application of equation
(3.14) on mortar mixes with different SCM’s at the age of 450days, and that ternary
blended mortars gave a lower permeability than the 50% GGBS mortar mixes. On the
other hand, 20% micro-silica mortars gave a lower permeability than both the 20%
metakaolin and the 20% GGBS mortars. In the same study, the effective chloride

diffusion coefficient, D.rr, has shown to follow the same ranking order as their

permeability. The D, has been obtained by applying Nernst-Einstein equation:
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6, D (3.15)

In which, D, is the diffusivity of the ion at infinite dilution, in this case the chloride ion
which is 2.03 x 107 m? /sec at 25°C (Spragg et al., 2016). Other studies have used the
same equation to assess the diffusivity of pollutants through cement pastes. Taffinder and
Batchelor (1993) obtained the effective diffusion coefficient for bromide and lithium ions
in Portland cement pastes by two methods: an electrical conductivity method according
to equation (3.15), and a two-chamber conventional method. It has been shown that for
0.8w/b cement paste mixes at the age of 7days, the inverse of equation (3.15), which is
known as the MacMullin number, or in some studies the formation factor (Weiss et al.,
2017), showed similar results (see Table 3.1).

Therefore, both D, ¢, which has been estimated from conductivity measurements and the
conventional divided compartment test are also equivalent. During this study, no tests

were undertaken on concrete mixes or mixes with SCM’s.

Permittivity response

With regard to the permittivity through the hardening stage, in the frequency range of
10kHz - 8GHz, Hager and Domszy (2004) observed a continuous decreasing trend
through time for Portland cement pastes. This was attributed to the increase in the
adsorption of charges on the pore surfaces and the formation of hydration products. Al-
Qadi et al. (1995) studied the permittivity of concrete in the frequency range 0.1MHz-
40MHz for different w/b mixes from 1day up to 28days, and the same decreasing trend

with time and frequency was found.

With regard to the effect of w/b ratio on the permittivity during the hardening stage,
Christensen (1993) had shown that the permittivity of cement pastes increased with
increasing w/b ratio (see Figure 3.27). In the same context, Gu and Beaudoin (1997) have
also shown the same relation between the permittivity and the change in the w/b for
1-year old cement paste samples in a frequency range of 1MHz-1.5GHz which was also
found in another study by Al-Qadi et al. (1995) (see Table 3.2)

It is also evident that as the frequency increases the permittivity decreases and this is
attributed to polarization relaxation processes. The permittivity/w/b ratio relation is
independent of the frequency range, as this relation is observed in both the low to the

medium frequency range (Hz-10MHz), and the high frequency zone (54MHz-1GHz).
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In terms of the effect of SCM’s on the permittivity during the hardening stage, Wen and
Chung (2001) obtained values at 10kHz, 100kHz and 1MHz for a 0.35w/b cement paste
with 15% by weight silica fume replacement. At the age of 28-days, it was shown that the
permittivity of the replaced paste displayed lower values than the pure cement paste mix.
This has been attributed by the authors to the lower permittivity of silica fume when
compared to the cement, as moisture and ions in the cement cause the permittivity to be
larger. In the same study, it was shown that the addition of latex and carbon fibres to the
mixes increases the permittivity, which was attributed to the effect of the interfaces
between these materials and the matrix. The effect of silica fume on permittivity results
in a decrease as replacement level increases up to ~15%, thereafter, a noticeable increase
was observed by Gu and Beaudoin (1997) (see Figure 3.28(a)). No explanation has been
offered for this trend. Christensen (1993) has shown that for different silica fume
replacement levels, the permittivity decreases through time until the age of ~100hrs,
thereafter an increase in this parameter takes place (see Figure 3.28(b)), and has been
attributed to the formation of the C-S-H from the silica fume.

Nyquist plot
When performing AC impedance spectroscopy in the Hz-MHz frequency range for
hardened cement-based materials, normally two arcs are observed in the impedance

complex plot which are (see Figure 3.29):

(@) The low-frequency arc normally appears in the range from (mHz to kHz), and is
attributed to the polarization process at the electrode / cement-based interface as discussed
in Section 3.2.2 (Coverdale et al., 1995a). The high frequency intercept of this arc with

the real axis gives the bulk resistance, Ry, for the cement-based material.

(b) The second (high frequency) arc is normally present in the kHz — MHz frequency
range for hardened material and represents the bulk material response as discussed in
Section 3.2.1. The arc centre is normally depressed below the real axis indicating a spread
in the relaxation times of the cement based material (see Figure 3.29) (McCarter et al.,
1988; McCarter and Brousseau, 1990; Gu et al., 1992; Christensen et al., 1994).

The main parameters which can be extracted from the AC Impedance plot for cement

based materials, according to Figure 3.29 are:

(i) The bulk characteristic frequency (f.) in which the imaginary value for the arc attains

its highest (negative) value;
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(i)

(iii)

(iv)

The bulk frequency (fpuk), Which is the frequency at the intercept of the low

frequency arc and the real axis where the bulk material resistance (Rp,;) IS obtained;

The electrode characteristic frequency ( f,;..) in which the largest recorded (negative)

imaginary value for the electrode arc; and,

The offset resistance (R,). With regard to this parameter, different interpretations

have been proposed to explain its physical meaning, such as:

1. Christensen et al. (1992) have suggested that R, resistance could be attributed to
the formation of parallel conduction paths in the cement paste; these conductive
paths have been attributed to the conduction process through ions on the surface of

the hydrating cement grains or due to the formation of the C-S-H gel.

2.1t is considered as a ‘graphical’ requirement which has not got any real physical
meaning (Christensen et al., 1994; Loche et al., 2005).

3.Ford et al. (1995) have suggested that the offset resistance is an artefact due to the
used electrode configuration, and by a proper ‘nulling’ process this could be

eliminated.

4.Coverdale et al. (1995a) have suggested the existence of a second-high frequency
arc instead of just an offset resistance. This second high frequency arc is due to the
in-series connection between the formed C-S-H phase and the pore fluid phase in
the continuous capillary pores. However, the authors have not mentioned a
justification for the reported relative constant value for the offset resistance through
the hydration process.

5.Song (2000) has attributed this resistance for the continuous and discontinuous

pores which are filled with pore-water.

With regard to the hydration effect on the bulk arc development through time, Gu et al.

(1992) have shown that by the use of a saturated Portland cement paste (w/b=0.35), the

appearance of the bulk arc was recorded after 169hrs hydration. Further, the bulk arc

diameter displays a continuous increase through time which has been observed in other
studies (McCarter and Garvin, 1989; Dotelli and Mari, 2001). Also, it has shown that at

the age of 380hrs, the diameter of the cement paste arc recorded its highest value

throughout the testing period.
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Regarding the frequencies f;, fpuik, feiec (Se€ Figure 3.29) McCarter and Brousseau
(1990) have shown that these change as hydration proceeds and this has been attributed
to the reduction in charge mobility (see Table 3.3). According to McCarter and Brousseau
(1990), and from Table 3.3, it is evident that the bulk frequency, f},..x, values throughout
the study were in the kHz range, however a decreasing trend through time was observed
which has also been shown by Scuderi et al. (1991). Table 3.4 shows the bulk frequency
values acquired from different studies. It has been argued that the frequency range in
which the bulk frequency takes place is related to the electrode geometry (Scuderi et al.,
1991). This argument could be considered reasonable when comparing the bulk frequency
range of Christensen et al. (1994) and Scuderi et al. (1991), as the frequency range is
much closer despite the difference in the w/b. It worth mentioning that both these studies

used the same electrode configuration and geometry as shown in Table 3.4.

Regarding the effect of the w/b ratio on the bulk frequency values, Christensen et al.
(1994) have shown that these follow a clear increasing trend as the w/b ratio increases for

the samples (see Table 3.5).

Equivalent Electrical circuit for cementitious materials:

For AC immittance spectroscopy to deliver a meaningful analysis and explanation
regarding the material under test, the data can be modelled by an equivalent electrical
circuit (EEC). The equivalent circuit should comprise electrical elements which represent
the material micro-scale electrical response (Bauerle, 1969). After suggesting a
representative equivalent electrical circuit, a curve-fitting process is performed on the
experimental data to assess its accuracy. If a good agreement between the simulated EEC
response and the experimental data is found, then the proposed model can be used to
explain the material response under different conditions, such as temperature, hydration
and different environmental exposure.

The challenge which is normally encountered in the selection of the EEC, is the non-
uniqueness of the equivalent circuits which could give the same response. Therefore, the
selection should be based on the pre-understanding of the material, as any selection which
is proposed should have a clear physical meaning which can be related to the material
micro-electrical response (Sinclair and West, 1989; Macdonald, 1990). Also, the non-
ideal distributed electrical behaviour in the material could represent a serious difficulty
when coming to the fitting process (Macdonald, 1990), as the use of lumped electrical

elements could lead to errors in the fitting process. Therefore, the use of distributed circuit
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elements such as the constant phase element (CPE) can assist in the fitting process, despite
the ambiguity which surrounds their physical meaning and origin (Coverdale et al.,
1995b).

Different EECs have been proposed in the literature to account for the electrical response
for hardened cementitious material. Kim et al. (1995) have modelled the bulk electrical
response of cement paste sample by the use of an EEC which is composed of a CPE which
represents the interfacial polarization process in the blocked pores. This CPE has been
proposed to be in series with a resistive element which also has been related to the
conduction process in the blocked pores. This electrical path is placed in parallel with a
resistive element which represents the conduction process in the continuous capillary
pores (see Figure 3.30(a)). The response of the EEC proposed by Kim et al. (1995) has
been monitored through the first 10 days hydration; however, the response of the EEC

has not been verified against different w/b ratios or different SCM additions.

Andrade et al. (1999) have used the same electrical circuit as Kim et al. (1995), however,
these authors have substituted the parallel resistance which represents the conduction
process in the connected capillaries by a capacitive element which has been related to the
solid phase polarization phenomena (see Figure 3.30(b) ). The verification of the physical
relations between the bulk material and the EEC electrical parameters in this case has
been verified by monitoring the electrical parameters through time and at different w/b
ratios. The model showed, however, some conflicting results, as the capacitance displays
an early decrease through time, which is not explainable if this electrical parameter truly

represents the continuous formation of the solid phase through time.

In other studies (Cabeza et al., 2002; Cabeza et al., 2003; Cabeza et al., 2006), the same
model which has been suggested by Andrade et al. (1999) has been used in the case of a
non-contacting electrode configuration. However, in the contacting electrode
configuration the model presented in Figure 3.30(c) has been used and the additional
resistance, R, has been related to the continuous conductive paths in the sample between
the electrodes. In this case, the verification of the relation between the electrical
parameters of the EEC and their suggested physical meaning has been performed through
the use of different w/b mixes, wetting/drying processes and static load application. In
the same context, Cruz et al. (2013) have used the EEC shown in Figure 3.30 (d) to

simulate the electrical response of different mortar samples, and the CPE . parameter has
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been proposed to account for the polarization processes which take place on the surface
of the connected pores. CPE), has been related to the ionic diffusion process near the nano-

pores.

In all these studies, a depressed arc in the impedance Nyquist diagram has been observed
for the hardened cementitious materials. Therefore, distributed electrical elements such
as the CPE have been used to account for this phenomenon. Macphee et al. (1997) have
used lumped elements such as ideal capacitors and resistances to simulate the response of
a pore-reduced cement paste (PRC). In this study, the authors have proposed two main
paths for the electrical conduction, the connected pores path (CP) and the gel path. The
gel path has been further divided to the electrical contribution of the blocked pores (BP),
the hydration product (HP) and the unreacted cement (UC). The electrical contribution of
these mentioned paths to the electrical response are illustrated in the EEC in
Figure 3.30(e). Tang et al. (2014) have also used lumped electrical parameters to develop
a fractal equivalent electrical circuit to simulate the electrical response of cement paste
(see Figure 3.30(f)). From the EEC proposed by these authors, the fractal dimension of
the pore structure has been extracted by simulating the 1kHz impedance response and the
100kHz impedance response on the basis that at the larger the electrical frequency, the

lower the penetration depth of the electrical field through the pore structure.

3.4 Summary

In this chapter, a review for the work which has been undertaken on characterizing the
hydration process of cementitious material through the setting and the hardening process
is presented. The review included studies which used both the conductivity/resistivity
responses, as well as permittivity through the mentioned hydration periods. Also, a review
on the utilization of the EEC in characterizing the pore-structure of the cementitious

materials has been presented. From this chapter, the following points can be drawn:

(a) There is a paucity in studies which utilise a wide frequency range to characterise the
permittivity and the conductivity of the mixes at both the early stages and the

hardening stages.

(b) Few studies have addressed the relation between the electrical response and the
chemical and physical reactions which take place in the material through the early
hydration period, and comparing the electrical measurement during this stage to

conventional tests.
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(c) There is a lack of data on the long term electrical response studies which characterise
the effect of SCM additions to the mixes through the permittivity and the conductivity

responses

(d) Few studies have used equivalent electrical circuits to show the difference in the pore
structure formation between the mixes which comprise SCMs and the pure cement

mixes; and,

(e) No equivalent electrical circuit has been used, or proposed, during the early hydration
of cementitious materials in order to show the micro response of the different phases

during the dissolution and the setting periods.
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Figure 3.1: (a) Influence of the constant phase element (CPE) on the Nyquist plot—the
solid line is the Nyquist plot for a pure capacitor (C = 1071°F) in parallel

with a resistor (R = 1.0 k Q and the dashed line is a CPE (C. = 10710 F 5702
and p = 0.8) in parallel with a resistor (R = 1.0 kQ) (b) schematic diagram

of Nyquist plot for a saturated porous material showing arc depression angle,

a, phase angle, 0, and impedance, Z*().
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Figure 3.2: Polarization processes within homogeneous materials: (a) Orientation
polarization, (b) electronic and atomic polarization mechanisms, (c) lonic

polarization mechanism (Nyame and lIlIston, 1981; Feldman et al., 2015).
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Figure 3.3: Polarization mechanisms occurrence through frequency ranges (adapted
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Figure 3.4: Schematic diagram showing (a) Interfacial (or space-charge) polarization,

and (b) Double-layer polarization.

60



A8 w . (b)
+ O + ©) ()
-+ L
+ 8 + o @
(O]
+|O + ) ©
+|O + 1
= | E
: :
Distance (m) } Distance (m)
=+ e © (@
+ o |©
b
2::? layer

Distance (m)
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Figure 3.6: Equivalent electrical circuit for electrode/sample polarization effect.
(Schwan, 1963).
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65



0.9 -

0.7 A
0.6 1

0.5 1

0.4 4
— 75% aggregale

034" 66% aggregate

L‘,\E ------- 50% aggregate
B —-=—-40% aggregate
ol [— 30% aggregate
--------- 20% aggregate
———10% aggregate
——————— paste
0.1 A
0.08 A
0.08 A
0,07 A
0-{]5 T T T T T T T T | T T T T T T T T |
10° 10’ 10

Time [min]

Figure 3.15: Normalised conductivity plot with time for concrete samples with different

aggregate contents (Princigallo et al., 2003).

120 T . . r , - T ] 0.0029
110 }— — 0.0027
L ~— 0.0025
— A ——
——
= 2
=
S o9 — 0.0023 =
= 1 =
= =
3 'I =
= 80 — o.0021 B
— I’ -
= Eax]
= 1 =
=
g l
= 1) L —i 0.0019
Cieliectric Conductivity o [
Ape Constant €'  Eaxperimental i
Exoerimental
23 Hrs. o [ ] 0.9017
B0 J_‘ 35 Hrs. & 'y
52 Hrs, o] +»
Theoretical
50 ? A 1 L L L I g.o01s

2 3 4

b
!

L
o

107
FREQUENCY IN HERTZ (Log Scale)

Figure 3.16: Permittivity/Conductivity dispersion diagrams for 0.35w/b cement paste
at the ages of 23, 35, 52hrs. (Taylor and Arulanandan, 1974).

66



(]

- 5
=
e T R
= =
£ 3
a C
E
= (=]
3 z s
B
™
e ol

I

24 1. a4 & 5 o R ]

o 5 0 5 20 25
Time, hours

Figure 3.17: Relative permittivity at 10GHz during the early hydration period and the
heat of hydration for 0.4w/b cement paste (Moukwa et al., 1991).

Permittivity (-)

400

0 50 100 150
Time (hours)

Figure 3.18: Permittivity variation through time for cement pastes at different
frequencies in the MHz range (Van Beek and Hilhorst, 1999).
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Figure 3.20: Enhancement of permittivity values due to addition of fly-ash to the Portland
cement paste where, P1: pure Portland cement paste, P2: 10 % replacement
fly-ash, P3: 25% replacement fly-ash, P4: 40% replacement fly-ash, P5:
paste with micro silica addition. Measurements were taken at the age of

60mins (McCarter et al., 1999).
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Figure 3.23: Plateau region which formed in the impedance complex plot due to the

inclusion of fly-ash in the Portland cement, mortars and concrete mixes at
the age of 60 minutes (McCarter et al., 1999).
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Figure 3.24: Capacitance, Cp, and conductance, Gy, frequency sweep through time for

0.5 w/b cement paste samples (Adapted from Camp and Bilotta (1989)).
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] Formation factor (Mean values)
Testing method

. . 40.6
Electrical conductivity
. . 31.1
Bromide with two chamber method
36.0

Lithium with two chamber method

Table 3.1:

Formation factor results obtained by electrical conductivity method and by the
two chamber diffusion method for 0.8w/b cement paste at the age of 7 days
(Taffinder and Batchelor, 1993).

/b
Wt_ 54MHz 100MHz 200MHz 300MHz 500MHz 1GHz
ratio
0.3 38.37 3241 27.08 24.52 21.59 18.78
0.4 44.34 37.04 30.25 27.04 23.44 20.25
0.5 56.35 44.97 35.11 30.90 26.80 23.72
0.6 62.43 49.29 37.99 33.24 28.89 25.84
0.7 69.14 53.33 40.91 36.05 31.72 28.97
Table 3.2: Permittivity values for one-year old saturated cement paste samples with
different wib.
Sample age f. MHz fouckHz felec MHZ
1 Day 5.55 8.17 31.1
10 Days 4.82 2.28 20.3
100 Days 2.73 1.49 <10
Table 3.3: Changes in Characteristic frequency, f., bulk frequency, f, 1k, electrode bulk

frequency, f.ec @s a function of sample age.
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w/b Bulk frequency

Study Electrodes geometry Age range ]
ratio range
McCarter and ) .
2-point measurement with 8.17kHz-
Brousseau 1Day-100Day | 0.27
embedded bar electrodes 1.49kHz
(1990)
. 2-point measurement with
Scuderi et al. o 500kHz-
outer cylindrical electrode 9hrs -479hrs 0.3
(1991) 15.8kHz

and embedded bar electrode

2-point measurement with
outer cylindrical electrode Ohr-500hrs 0.35 | 128kHz-20kHz
and embedded bar electrode

Christensen et
al. (1994)

Table 3.4: Bulk frequency ranges attained in different studies.

w/b ratio Bulk frequency, fyu (kHz)
0.3 10
0.35 22.4
0.4 79.4

Table 3.5:Bulk Frequency values at 68 hours for cement paste samples with 20% silica
fume replacement (Christensen et al., 1994).
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Chapter 4 — Experimental Design and Data Acquisition

The experimental program was divided into two stages:

a) The early hydration stage (initial 24hrs); and,
b) The hardening stage up to 400 days hydration.

Within each of these, a range of tests were used to support the findings of the electrical
measurements which formed the focus of this research. A diagrammatic representation

for the experimental programme is shown in Figure 4.1.

4.1 The early hydration stage
This stage concerns itself with monitoring the electrical conductivity and permittivity of
different cementitious materials through the initial 24hrs hydration. This experiment

comprises three parallel experiments which are:
a) The early electrical response with measurements taken over the frequency range 1Hz-
10MHz;

b) Heat output measurements using the isothermal conduction calorimeter; and,

c) To study hydrate formation on the grain surfaces using the environmental scanning

electron microscope.

4.1.1 Materials and mixes

Both cement pastes and concretes were used with different water/binder (w/b) ratios and
supplementary cementitious materials (SCMs). Binders complied with EN197-1:2011
(2011) which were:

e Ordinary Portland cement (CEM 1);
e Portland-slag cement CEM I11/B-S (65% K+35%Y5);
e Blast furnace cement CEM I11/A (35%K+65%S); and,

e Portland — fly ash cement CEM 11/B-V (65%K+35%fly ash /V).

The oxide analysis of the materials provided by the suppliers is shown in Table 4.1. In

addition, two different calcium sulphate additions (0.5% and 2%) were used in selected
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mixes. Table 4.2 shows the cement-paste mixes which were used through the early
hydration stage experiments. Concrete mixes with 0.45w/b ratio, with and without
superplasticiser (sp) additions, were also studied during this period, and Table 4.3
presents the concrete mixes used in the current study. Crushed rock aggregate both coarse
(20mm and 10mm) and fine (<4mm) was used throughout. The aggregate was saturated
for 24hrs in water before it was placed in the laboratory environment to attain saturated

surface-dry conditions.

4.1.2 Mixing procedures

With regard to the cement pastes, both the cement powder and the required amount of
SCM were initially dry mixed by hand in a ceramic bowl for two minutes. Thereafter,
half of the mixing water was added and the mixture was again mixed by hand for a further
two minutes before the rest of the water was added and the mixture subjected again to
another 2mins of hand mixing process. The time was recorded from the first contact

between the dry mixture and water.

With regard to the concrete mixes, a mechanical pan mixer (0.1m3) was used in the
mixing process. Both the CEM | cement and the SCM were combined together in the
mechanical mixer pan and the mixing process for the concretes followed ASTM (2006):
1) With the mechanical mixer off, the coarse aggregate; ~50% of the mixing water and

soluble admixture were added;

2) The mixer was turned on and the cement; fine aggregates and remainder of the water

were added:;

3) The mixing time duration was as follows: 3mins after all the constituents were placed

inside the mixer, followed by 3mins resting time and then another 2mins mixing.

4) Regarding the SCM addition, the cement and the SCM were added together at the
same time.

4.1.3 Samples sizes and dimensions

Three types of samples were prepared for the early hydration study;

Electrical measurements during initial 24hrs

Pastes samples were prepared by compacting the paste into Plexiglas cuboidal cells of
internal dimensions 50x50x50mm. A pair of stainless steel (s/s) electrodes, 2.4mm

diameter with a centre-to-centre spacing of 25mm were embedded centrally inside each
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specimen to a depth of 25mm. This was achieved by using a plastic former for each
sample to facilitate the electrode positioning process (see Figure 4.2). The plastic formers
were fixed to the Plexiglas cuboidal cells by threaded screws.

With regard to the concrete samples, the mixed concrete was compacted in
150x150%150mm plastic cube moulds in three layers; each layer was compacted for 1min
on a vibrating table. Prior to placing the third layer, two 2.4mm diameter s/s electrodes
with a centre-to-centre spacing of 75mm were embedded centrally inside the concrete
specimens to a depth of 75mm. The electrodes were fixed in position by the use of a
plastic former which was attached to the plastic cube by threaded screws (see Figure 4.3).
Embedding the electrodes in this fashion ensured intimate contact with the sample and
reduced any interference with the natural distribution of aggregate in the case of
concretes. The third layer was added and concrete was vibrated again for 1min; the top
surface of the cells was then smoothed with a trowel and covered by polyethylene
sheeting to prevent evaporation. A thermistor was also placed through the sample holder
and embedded to the same depth as the electrodes for both the concrete samples and the
paste samples for temperature recording during early hydration. Three samples of each
mix in Table 4.2 and Table 4.3 were batched.

Samples for the calorimeter test.

From the same batch which was used to prepare each paste sample for electrical
measurements, 30gm of the paste was placed in a polyethylene bag for testing in the
calorimeter. These samples were sealed before they were introduced to the calorimeter
device in an aluminum can which, in turn, was filled with oil to conduct the heat generated

from the samples to the can (see Figure 4.4)

Samples for the ESEM.

A set of 11 polyethylene bags were filled with 30gm paste from the PC0.35w/b sample
(see Table 4.2). The cement pastes in these bags were made as thin as possible to allow

stopping of the hydration process when required before imaging.

4.1.4 Tests and devices

Electrical measurements data acquisition system

In order to obtain the electrical response for both cement pastes and concretes during the
initial 24hrs period, a Solartron 1260 Impedance analyser was used. The frequency range
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was 1Hz-10MHz using 20 steps per decade, giving a total of 140 measurement points
during each sweep. Each sweep took approximately 4.5mins to complete, giving 320
sweeps over the 24hrs test period. The voltage amplitude during the measurements was
kept at 350 mV to reduce lead inductive effects thereby giving relatively noise-free data.
The impedance analyser was connected to an HP computer desktop through a GPIB/USB

cable and Zplot /Zview commercial software was used for the data acquisition process.

Four coaxial (RG 58 A/U) screened leads with equal length (75cm) were used to connect
the electrodes in the samples with the impedance analyser. The coaxial leads at the sample
end were connected to the electrodes through alligator clips and at the other end, the
impedance analyser and the leads were connected through BNC connectors. All the four
leads were grounded together by connecting the grounding screen mesh around each lead

together to reduce the possibility of any potential stray current effect (see Figure 4.5).

A two-point embedded electrode configuration was used during the initial 24hrs. In this
configuration, the sensing voltage lead (Hi) and the current lead (output) were coupled
together at one stainless steel electrode, and the other voltage sensing lead (Low) and the
current lead (input) were coupled together to the other electrode. Both the voltage
injecting and the current sensing were performed at the same electrodes (see
Figure 4.2(b)). This particular embedded electrode configuration has been used in other
studies (Rajabipour et al., 2007; McCarter et al., 2013). Three replicate tests for each mix

were carried out with tests undertaken in a temperature controlled laboratory (21°C+1°C).

Due to the low impedance of the samples at this early stage, a nulling process was
performed to account for the lead inductive effect by performing open circuit/closed
circuit measurements for the four leads together by using the same voltage amplitude
(350mV) and the same frequency range which were used during the experiment. The
procedure adopted by Edwards et al. (1997) has been used to correct the data for the

inductive effect. The impedance, Z(w), of the sample, can be written as, in equation (3.1)

At any angular frequency, o, the electrical response of such a system will result from the
superposed phenomena of conduction and polarization processes. These are quantified,
respectively, by the bulk conductivity, o(w), and relative permittivity, (), which are

obtained from the impedance through the following relationships,
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e () = 1 ( Z"(w) )L

gow \Z'(w)? + 7" (w)? A 4.1)
(7w L 42)
o(w) = <Z’(a))2 + z"(w)2>z

where ¢, is the permittivity of a vacuum (8.854x1071? Farads/m) and L/A is a factor which
is related to the electrode geometry and sample configuration. As the electrical field
between the electrodes is non-uniform, the geometrical factor L/A in equations (4.1) and
(4.2) cannot be readily calculated and was evaluated by calibrating the electrode array
using a liquid of known electrical properties. For the electrode arrangements used in the
current work, the geometrical factor L/A was evaluated as 41.67m for the paste electrode
arrangement, and 17.34m for the concrete electrode arrangement.

Temperature data acquisition system

The internal temperature changes through the initial 24hrs for both the concrete mixes
and pastes, were recorded in parallel with the electrical impedance by obtaining the
electrical resistance of the embedded thermistor. A data logger was connected to the
thermistor through a multiplexer and used to apply the voltage as well as registering the
resistance every 2mins (see Figure 4.6). Thermistor measurements were converted to

temperature using the Steinhart-Hart equation as follows,

T = [A + BInR + C(InR)3]-1- 273.15 (4.3)
where R is the measured resistance of the thermistor (ohms); T is the temperature (°C);
A, B and C are coefficients which depend on the type of thermistor and In is the natural

logarithm. For the thermistors used in the current work, A, B and C were obtained from
manufacturer data, respectively, to be: 1.287x10°K; 2.357x10* K* and 9.509x10 8K,

Heat output data acquisition system

The heat output for the pastes through the initial 24hrs, was recorded by a JAF type

isothermal conduction calorimeter. The device is composed of 4 main units which are,

(@) Analuminium can, in which the sample is placed, is flooded with non-conductive oil.
The sample polyethylene bag is closed and wrapped around an electric heater inside

the aluminium can for later calibration process.
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(b) An acrylic cylindrical calorimeter inside which the aluminium can is placed (see
Figures 4.7(a) and (b)). A set of thermopiles are fixed at the bottom of the acrylic
cylinder and the sample can is positioned above them. These set of thermopiles are
acting as thermal path for the heat which is generated from the hydration reaction.
The thermopiles generate an electrical signal which is proportional to the generated
heat. The space between the upper cover of the acrylic cylinder and the sample can is
filled with a polystyrene thermal insulator to prevent heat escaping and thermal air

movements (see Figure 4.7(a)).

(c) A controlled temperature water-bath, containing polypropylene containers which
were filled with water from the water-bath through two holes, one at the upper-end
and the other at the lower-end. The acrylic calorimeter was immersed in the
polypropylene container. The water-bath temperature is controlled through its own
heating system and pumping cooling water from an adjacent water reservoir unit in
which its temperature is adjusted lower than the target temperature by 3°C. The water-
bath temperature in this study was controlled at 21°C to replicate the laboratory

temperature in which the electrical measurements are conducted.

(d) The signal which was generated from the thermopiles, was read through a digital
voltmeter which was fitted in an interface module linking the calorimeter and the data

logging PC.

After the heat output form the hydration reaction relaxes (after almost a week), a
calibration process was performed to determine the calorimeter constants which allow the
conversion of the voltage data to heat measurements (energy units). This process was
conducted by supplying the electrical heater inside the sample can by a known electrical
power which allows plotting of the linear relationship which exists between the derivative
of the voltage recorded through time and the voltage values according to the Tian-Calvet
equation(4.5).

dE

In which;Wis the heat production (Watts); K; and K, are the calorimeter constants; E is

the thermopiles output (mV) and Z—f is the voltage rate change.
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SEM experiment

With regard to the ESEM samples, liquid nitrogen was used to instantly freeze the bagged
samples at the ages of 11mins, 2hrs and 5.5 hrs after mixing the samples with water. This
was achieved by immersing the polyethylene bag which contains the sample for 5mins in
the liquid nitrogen. After ceasing the hydration reaction, all the frozen bagged samples
were stored in a domestic freezer at a temperature of < -20°C degrees until required for
testing. The samples were taken out from the freezer on the testing day and a freeze-
drying process was used for the sublimation of ice to water-vapour. Thereafter, the

samples were studied using the ESEM in the secondary mode operated at 1KeV.

4.1.5 Initial 24 hours bulk conductivity experimental estimation
Preliminaries

The imaginary part of equation (3.9) is related to the dissipation of energy in the material
due to friction generated by the rotational movement of the dipoles as in equation (4.5),

e"wey E 2

Lp = > (4.5)

where L, is the energy rate loss due to polarization process (J/s.m3).

Therefore, from equation (4.5), as the imaginary part of the complex dielectric constant
increases, more energy is dissipated due to the motion of the dipoles charges and its
associated thermal losses. On the other hand, and in the case of conductive materials, the

current conduction process also causes energy dissipation which is expressed as,

1
Lc = 5 oucE.? (4.6)

Where L is the energy loss rate due to conduction (J/s.m3).

Therefore, from equations (4.5) and (4.6), it is evident that the imaginary part of the
complex dielectric constant (i.e. the loss) can also be expressed in terms of the
conductivity of the material as in equation (4.7),

e = Oac
wEe,

(4.7)
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However, from equation (4.7), the conductivity, is a frequency dependent parameter as it
increases with increasing frequency of applied field. lonically conductive porous
materials such as cementitious systems, in addition to the contribution of the losses to AC
conductivity, the material itself possesses a static DC (or low-frequency) conductivity
which is a material property, temperature dependent and an ionic concentration dependent
parameter. Therefore, the measured conductivity at frequency, o, is the sum of both the
DC conductivity of the material and the losses contributing to the AC conductivity, hence,

o(w) = 0y¢c + opc (4.8)

where a(w) is the electrical conductivity (S/m) at angular frequency .

Evaluating the DC conductance/resistance of the material, requires minimizing,

(@) the AC conductance contribution of the material; and,.
(b) the contribution from electrode polarization (McCarter and Brousseau, 1990).

This can be evaluated by measuring the material electrical resistance/conductance at a
specific frequency of electrical field (from now on called the ‘bulk frequency’). The bulk

frequency can be obtained at the cusp point in the Nyquist plot as shown in Figure 3.29.

During the early hydration period, cementitious materials undergo physical and chemical
changes and chemical processes which will influence charge mobility and their ease of
oscillation in response to the applied alternating electrical field. As it has been shown in
previous studies (McCarter and Brousseau, 1990; Christensen et al., 1992), the bulk
frequency value for the fresh material is expected to change through time as it changes
from a liquid to plastic state, and then to a solid state. Therefore, the first step in evaluating
and relating the early hydration electrical properties for cementitious materials to their
hydration characteristics, is to assess the response of the bulk frequency through time and
the influence of mix composition, before deciding on using an arbitrary frequency to
cover the entire 24-hours of the initial hydration period. Therefore, the motivation for this
are as follows,

(i) Assessing the response of the bulk frequency through time for different mix

constituents; and,

(ii) Identify the most suitable frequency range to extract the bulk material electrical

properties during the early hydration stage.
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Early hydration bulk frequency response

The change in bulk frequency for three different w/b ratio cement pastes (0.3, 0.35, and
0.45) through time is shown in Figure 4.8. As is evident from this Figure, and as a general
trend for the bulk frequency, initial values are high and decrease with time. Regarding the
PC 0.3w/b cement paste, the initial value for the bulk frequency which was obtained 6
minutes after mixing, recorded a value of 1.26MHz; values of 794kHz and 1.12MHz were
recorded for the 0.35w/b paste and the 0.45w/b paste, respectively, at the same age.

At 24hrs, the recorded bulk frequency values were 17.8kHz, 22.4kHz and 70.8kHz for
the PC 0.3w/b, PC 0.35w/b and the PC 0.45w/b pastes, respectively. Therefore, the bulk
frequency values decrease by almost three orders of magnitude over the initial 24 hrs. It
is also noticeable that as the w/b ratio increases, the bulk frequency values increase and

is clearly shown in Figure 4.8.

Figure 4.9 presents the bulk frequency values for cement pastes with different GGBS
replacements percentages (35%, 50% and 65%) at 0.35w/b ratio. When compared with
the pure cement paste bulk frequency values (Figure 4.8) the following should be noted
for the GGBS mixes,

(@) The initial bulk frequency value recorded for the GGBS pastes is considerably lower

than the pure pastes as the initial values are in the range 110kHz-125kHz.

(b) For the replaced pastes, the decreasing rate is inversely proportion to the replacement
percentage and is observed by comparing the initial values for the bulk frequencies
for the mixes with values recorded at the age of 24hrs; for the 35% replaced mix the
bulk frequency decreased by~70% from its initial value in comparison to ~55% for
the 65%GGBS replaced mix. This is lower than that for the pure Portland cement

paste which was ~90% from the initial recorded bulk frequency value.

It is evident that the bulk frequency values of the mixes are affected by the mix constituent
as during this early hydration period replacing the cement with different amounts of

GGBS affects the decreasing rate as well as the final values at 24hrs.
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Cement pastes optimum bulk frequency range

Figure 4.10 shows the percentage difference of the recorded electrical conductivity for
the Portland cement pastes (PC 0.3w/b, PC0.35w/b and PC0.45w/b) over the frequency
range 1Hz-10MHz. For this Figure, the percentage difference is evaluated from equation
(4.9),

o(w) — dpc

%Dif ference = { >
DC

}x 100 4.9)
where o(w) is the conductivity value at angular frequency, o, and op is the conductivity
recorded at the bulk frequency (i.e. cusp point frequency). See also equation (4.8). In
Figure 4.10(a) a +5% accuracy window has been selected in order to study the deviation
of the recorded electrical conductivity as a function of time and frequency from the DC
conductivity of the samples. It could be noticed that the percentage difference from the
DC conductance at low frequencies such as in the range from 1Hz-10kHz is lower than
(-5%).

However, with time the ‘accuracy zone’ of the DC conductivity reduces to lower
frequency ranges. This can be seen by observing the 1kHz frequency value through time
for the 0.3w/b paste, as the electrical conductivity value recorded at 1kHz at the end of
the 24hrs monitoring period displays a lower percentage difference than its initial value.
This behaviour of increasing the accuracy of the 1kHz conductivity as time advances is
also observed for the 0.35w/b paste; the 0.45w/b cement paste also shows an increase in
accuracy of the 1kHz electrical conductivity through time however this is not as
pronounced as in the case of the 0.3w/b and the 0.35w/b pastes. The following factors,

which affect the accuracy of the DC conductivity estimation, can be summarised:

(a) Measuring frequency value

The conductance recorded at lower frequencies can deviate from the value of the DC
conductance of the material by < -5% (see Figure 4.10) depending on the applied
frequency and is attributed to the contribution of the sample/electrode interface
impedance. Conversely, at a higher frequency than the bulk frequency, the recorded
conductivity values also deviate from the bulk conductivity by >+5% due to the effect of

the AC conductivity contribution.
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(b) Water/binder ratio

As the w/b ratio increases, a higher frequency range should be used in order to obtain
conductivity values in the accuracy range of +5% of the DC conductivity (see
Figure 4.11). This can be attributed to the increase in the DC conductivity of the samples

as the w/b ratio increases.

(c) Hydration reaction effect

As hydration time increases, the 5% accuracy window for the conductivity can be
attained at lower frequency ranges in comparison to the early hydration stages. This can
be viewed in the same context as the bulk frequency response through time for the
samples as shown in Figure 4.8. Therefore, the £5% conductivity accuracy range for the
samples after the addition of water can be obtained in the frequency ranges of 31kHz-
8.91MHz, 11kHz-8.91MHz and 79kHz-8.91MHz for, respectively, the PCO0.3w/b,
PCO0.35w/b and PCO0.45w/b. At the end of 24hrs these ranges have reduced to 398Hz-
700kHz, 316Hz-891kHz and 794Hz-1.4MHz for the respective samples (see Figure 4.11).

From both Figures 4.10 and 4.11, it is evident that the conductivity which is recorded
within the frequency range 100kHz-1MHz during the initial 24hrs for the different w/b
samples, is within +5% DC conductivity accuracy window. However, the 1MHz
conductivity value through time in some mixes (see Figure 4.12(a)) deviates at later ages
from the +5% accuracy window, especially in the case of the lower w/b mixes. From
Figure 4.12(a) the 1MHz conductivity with regard to the DC values of the mixes, has a
high accuracy during the early stages in the 24hr monitoring period, as values recorded
at this frequency through the initial 6hrs are in the range of 1% from the DC
conductance. On the other hand, and with regard to the 100kHz conductivity accuracy, at
early ages (<1hr) the 100kHz conductivity records a deviation in the range of -4.5% from
the DC conductivity; however, with the time, the accuracy of the 100kHz conductance
increases as the deviation from the DC conductance by the age of 6hrs decreases from -
1.75% t0-0.5%. After the age of 6hrs, the 1IMHz conductance accuracy decreases rapidly
especially for the 0.3w/b mix to almost +5% at the age of 13hrs and by the end of the
monitoring period the deviation is > +7% from the DC conductance of the sample.
However, for the other two mixes, (0.35w/b and the 0.45w/b) the conductivity values at
1MHz after the age of 6hrs also show the same deviation from the DC value, but with a
relatively low rate in comparison to the 0.3w/b mix. The 100kHz conductivity also
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deviates from the DC conductivity, however, not at the same rate which was detected for
the 1MHz conductivity. By the end of the monitoring period the maximum percentage
difference which is recorded for the different samples is in the range 0 to +1.5% from
their DC conductivity, and the maximum difference (+1.5%) was recorded for the 0.3w/b

ratio paste (see Figure 4.12 (b)).

The rapid deviation from the DC conductivity values for the mixes through time,
especially in the case at 1IMHz, shows a progressive AC conductance contribution to the
value of the DC conductivity of the material. This is an indication of the developing
dielectric properties of the material which shows that the material is gradually changing
from an almost purely conductive solution to a lossy dielectric material with a
displacement current contribution from polarization processes.

The rapid increase in the 1MHz conductivity with respect to the DC conductance values
for the low wi/b pastes in comparison to the higher ones, indicates that the low w/b pastes
develop their dielectric properties much faster than the high w/b pastes. This indicates a
rapid consumption of the liquid phase and the development of a continuous/discontinuous
liquid path due to the formation of hydration products. Such a system will possess both
conductive and capacitive behaviour rather than just a conductive nature, as in the case

of the fresh cement paste.

Replaced pastes optimum bulk frequency range

The same analysis regarding the accuracy of the conductivity at different frequencies, as
well as through time, has been performed on the replaced mixes. From Figure 4.13, the
conductivity in the frequency range 1Hz-1kHz is < -5% from its DC value; at the
frequencies in the 6MHz-10MHz the recorded conductivity is >+5% from its DC value.
In the frequency range 10kHz-1MHz the accuracy for the replaced mixes is in the range
of 5% of the DC conductivity. The same justification which has been presented in the
case of the pure cement pastes regarding the deviation from the DC conductance at the
lower and higher frequency ranges can also be invoked here. In the low-frequency range,
the contribution from the electrodes/sample interface impedance contributes significantly
in deviating the recorded sample conductivity from their DC conductivity, whereas the
higher frequency range the contribution from the AC conductance deviates the value of

the conductivity from its original DC value.
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As it can be seen from Figure 4.14, the frequency range 10kHz-1MHz gives a
conductivity accuracy in the range of £5% from the DC conductance. It is also useful in
this case to assess the accuracy of selected different frequencies in this range and to
compare them with the pure cement pastes in order to obtain the most accurate frequency
for the purpose of obtaining the bulk DC conductivity for all the mixes. Figure 4.15
displays the accuracy of the conductivity at 10kHz, 100kHz and 1MHz through time in
relation to the DC conductivity of the samples for the GGBS replaced pastes (35%GGBS,
50%GGBS, 65%GGBS). Regarding Figure 4.15, the accuracy for the recorded
conductivity at the three frequencies displays minimum deviation <3.5% over the 24hr
test period for all the GGBS mixes. This is contrary to what has been obtained for the
pure cement pastes with the same w/b ratio. Regarding the latter, as shown in Figure 4.12,
the 1MHz conductivity for the PC 0.35w/b paste at the end of the 24hr monitoring period
Is ~6% greater than the DC conductivity of the sample. However, for the replaced mixes
the highest deviation at 1LMHz at the age of 24hrs is ~ 3.25% for the 35%GGBS which is
considerably less than the pure cement pastes at the same age and frequency. From Figure
4.15 it is also evident that a frequency of 100kHz records the most acceptable accuracy

for all the mixes in comparison to the other frequencies.

Therefore, regarding the replaced mixes and pure cement pastes at different w/b ratios, it
is clear that 100kHz would give an acceptable level of accuracy with regard to the bulk

conductivity (or resistivity) of the samples during the initial 24hrs monitoring period.

4.2 The hardening stage

This stage is divided into three main sections which are:

(@) Electrode configuration

The purpose of these experiments is to assess the factors which affect the evaluation of
the bulk conductivity/resistivity of the material using a 2-point, end-to-end plate electrode
configuration. This electrode configuration is relatively easy to setup and is frequently
used in estimating the electrical resistivity of concretes. With regard to this study, this
particular electrode configuration was used to obtain the electrical response of the

material through the hardening stage.
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(b) Concrete mixes electrical measurement

The purpose of these experiments is to characterise and relate the electrical response
which was obtained from the different concrete mixes through the period of 365 days

after casting, with the chemical and physical processes in the different concrete mixes.

(c) Durability ranking

The purpose of these experiments was to establish a ranking methodology with regard to
the material durability using electrical property measurements and by comparing these
measurements with a standard durability ranking test, in this instance, the NTBuild492

test.

4.2.1 Materials and mixing procedure

With regard to the materials which have been used through the hardening stage, the same
binder types as in Section 4.1.1 were used. The concrete mixes are presented in Table 4.4.
The same mixing procedure as for the concrete samples in section 4.1.2 was used in this

stage.

4.2.2 Samples sizes and dimensions

After mixing, three types of samples were cast:

(@) Two sets of 150x150x150mm concrete cubes were cast separately. The first set (set
1) was for the electrode configuration experiment which was undertaken on C1, C3,
G1, G3, P1 and P3 concrete samples according to Table 4.4. Set 1 samples also had
embedded s/s rod electrodes to facilitate 4-point measurements. The rods were
embedded centrally within the cube and sleeved to expose a 10mm tip. The second
set of samples (Set 2) was used for the electrical characterisation through the
hardening stage and includes all the mixes in Table 4.4. With regard to electrical
characterization (Set 2 samples), plastic moulds were used for casting as in Section
4.1.3. However, for the electrode configuration experiments (Set 1 samples) steel
moulds were used. Three samples from each concrete mix were produced for both
sets of experiments. After casting, the concrete samples were covered by polyethylene
sheets to prevent water evaporation and left in the laboratory atmosphere for a period

of 24hrs. After 24hrs, the samples were demoulded and stored in a curing tank (21 =

1°C) until required for testing.
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(b) 100%100x100mm concrete cube samples were cast from the same batch as those used
for electrical measurements (Set 2) and electrode configuration experiments (Set 1).
The compressive strength of Set 2 samples was obtained at the ages of 28, 180 and
400 days, for Set 1 samples the compressive strength was obtained at the ages of 28,
and 180 days. The compressive strength for the samples are shown in Table 4.5 and
Table 4.6.

(c) One 250%250%150 (thick) mm concrete slab was cast from the same batch as that
used for Set 2. The slabs were stored in the laboratory atmosphere for the initial 24hrs,
and then stored in a saturated condition until the age of 400 days. Each slab was then
cored to produce two 100 mmx150mm concrete cylinders, these, in turn, were wet
cut by a diamond saw to produce three 1008 mmx50mm concrete disks from each

mix.

4.2.3 Electrode configuration

As electrical resistivity/conductivity is being increasingly considered as ‘a durability
index”’ for assessing the long-term performance of concrete structures (see, for example
Table 4.7 and Table 4.8 (Gehlen and Ludwig, 1999; Torrents et al., 2007; Alexander et
al., 2008; Alexander et al., 2010; Andrade, 2010; Muigai et al., 2012; Andrade et al.,
2013; Nganga et al., 2013; Andrade et al., 2014)), this parameter should be obtained as
accurately as possible if it is to be utilized. Therefore, this study critically examines the
electrical response acquired through the 2-point, end-to-end electrode configuration. This
allows evaluation of its effect on the value obtained for the concrete, as well as the
optimum frequency range which should be used when using this particular electrode
configuration. This is of importance, as no particular AC frequency value is specified for
this electrode configuration, although a frequency in the range 50-100Hz has been
recommended (Tang et al., 2011). In the measurement of concrete resistivity using two-
and four-electrode methods, a frequency in the range 50Hz-1kHz has also been suggested
(Polder et al., 2000). More specifically, frequency values of 108Hz (Gehlen and Ludwig,
1999), 128 Hz (Newlands et al., 2007), 107 Hz and 120 Hz (Osterminski et al., 2012)
have been used for two-electrode measurements. In the following sections, both the

experimental program for this particular work and its results are presented.

Electrical measurements and data acquisition

Two-point electrical impedance measurements were obtained on each sample using a

Solartron 1260 frequency response analyser (FRA). The signal amplitude used in the
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experimental programme was 350 mV with the impedance measured over the frequency
range 1Hz-10MHz using a logarithmic sweep with 10 frequency points per decade. After
removal from the curing tank, the concrete cube was wiped with an absorbent towel and
allowed to surface-dry before testing (to negate any possible surface conduction effects)
with testing undertaken in a laboratory at a temperature of 21£1°C. The samples were
approximately 36-months old at the time of testing. At this age, the change in
resistivity/conductivity due to hydration will be negligible (Whittington et al., 1981);
furthermore, it is only at such longer time-scales that the influence of the fly-ash and

GGBS on pore structure becomes evident.

Figure 4.16(a) presents a schematic of the two-electrode testing arrangement. In this
Figure, external stainless steel (s/s) plate-electrodes were placed against opposite faces of
the concrete cube (i.e. the faces cast against the steel mould). Intimate contact between
the electrodes and concrete was obtained by means of 150x150mm? synthetic sponges,
each 2mm thick, saturated with a contact solution. Leads from the current (I,y¢py¢) and
potential (Vy;4,) connections on the FRA were coupled at one of the electrodes and the
current (I;p,,¢) and potential (V,,,,) connections coupled at the other electrode. Open- and
short-circuit residual lead impedances were automatically nulled from the measurements
at every spot frequency using the FRA’s on-board lead-correction facility. The overall
testing arrangement is displayed in Figure 4.16(b) with a mass of 2kg placed on the upper
electrode to ensure uniform contact and giving a contact pressure of approximately 1kPa.
Regarding the contact solution noted above, three were used in the current experimental
programme with separate sets of sponges were used for each saturating liquid:

(a) mains tap-water;

(b) a saturated solution of calcium hydroxide (Saremi and Mahallati, 2002) (as calcium
hydroxide is released during the hydration of the silicate phases within the cement

clinker); and,

(c) a simulated cement pore solution comprising 0.1 molar sodium hydroxide and 0.3
molar potassium hydroxide (Ghods et al., 2013; Yang et al., 2014) (as the alkali-
oxides Na,O and K,O within the cement clinker are highly soluble).

The impedance response of the sponges placed between the electrodes, loaded as above,
was measured separately at the end of each test. In addition to two-electrode

measurements, a four-electrode testing configuration was also used, as shown
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schematically in Figure 4.17(a). In this setup, the external s/s plate-electrodes served as
the current (output/input) electrodes and the embedded s/s rods acted as the potential
(high/ low) electrodes. Figure 4.17(b) displays the testing arrangement with the plates
placed on the faces perpendicular to the embedded pin-electrodes. In this Figure, the
spacing s = 75mm. In connection with bulk resistivity measurements on concrete, it is
generally accepted that electrodes should be spaced apart at least 1.5 times the maximum
aggregate size (du Plooy et al., 2013) to obtain values representative of the bulk material.
The maximum aggregate size used in the experimental programme was 20mm, hence
electrode spacings should be >30 mm which is the case for both the external

plate-electrodes and the internal pin-electrodes.
Results:

In this study two presentation formalisms are used:

(@) Nyquist format i.e. —iZ"(w) versus Z(w), which is the polar plot (see equation (3.1)).

(b) Bode format. This plot highlights the frequency domain behaviour of both the
impedance, |Z*( o )|, and phase angle, 8 (= tan™! (Z( @ )/Z'( @ )). A phase angle
6 =—-90° would represent purely capacitive behaviour whereas a phase angle 8 = 0°would

represent purely resistive behaviour.

Figure 4.18 presents the Nyquist plots with only the sponges placed between the
electrodes, saturated with the three different liquids: water, calcium hydroxide and
simulated pore solution. This figure indicates an almost linear decrease with increasing
frequency and would represent part of a much larger arc associated with polarization
phenomena at the electrode-sponge interface; the full extent of this arc would only
become evident at frequencies considerably lower than the current work, i.e. <l1Hz.
Regarding Figure 4.18, the plots converge on the real axis as the frequency increases and,
in all cases, at a frequency of approximately 40kHz touches the real axis; this point gives
the bulk resistance of the sponges. Some residual lead inductive effects are evident in this
Figure as the reactance turns positive at frequencies in excess of 40kHz. Regarding the
sponge resistance at 40 kHz, these values are 7.9 Q, 2.8Q and 0.75Q for, respectively,
the sponges saturated with tap-water, calcium hydroxide and simulated pore solution.

Figures 4.19 — 4.21 display the impedance response for the concrete mixes in Table 4.4
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using the testing arrangement presented in Figure 4.16(a), with the simulated pore

solution used as the sponge-saturating liquid.

Generally, each response has a single dominant circular arc (denoted arc-1) however, the
frequency range over which this arc dominates, the frequency at which it maximizes, the
arc diameter and the depression angle («) are all dependent on the concrete mix
proportions. On closer examination, a second small, flat arc (denoted arc-2) is evident at
the low-frequency end of the Nyquist plots (right-hand side) presented in
Figures 4.19 — 4.21. In some instances, a small spur is also present of the right-hand side

of the plot see, for example, Figure 4.19(a).

In terms of representing the response as an electrical circuit, this is presented in
Figure 4.22 and comprises four, series-connected, parallel circuit elements (the bulk
resistance of the sponges has been omitted from this model as their resistance is negligible

in comparison to the impedance of the system):

(i) a resistor Ry which represents the projected intercept of the high-frequency end of
arc-1 with the real axis (see section 3.3.2 for the possible physical meanings for this

electrical parameter).

(ii) a parallel combination of resistor, R, and constant-phase element, CPE, for both
arc-1 (R1 and CPE1) and arc-2 (R2 and CPE2); and,

(iii) the small spur at the low-frequency end of the response would represent part of a
much larger arc which would only become evident at frequencies <1Hz. For
completeness, this is also represented by a parallel combination of resistor (R3) and
constant phase element (CPE3) although it is not present in some of the concrete

mixes.

Discussion

In attempting to offer a phenomenological interpretation for the circuit, consider again
the testing arrangement in Figure 4.16(a). There are two interfaces present in this
arrangement: the electrode-sponge interface and the sponge-concrete interface. If each
interface can be electrically modelled as a parallel combination of resistor and CPE, then

R3-CPE3 (exponent p3) would account for the response from the electrode-sponge
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interface; R2-CPE2 (exponent p2) the response from the sponge-specimen interface; and
R1-CPE1 (exponent pl) and Rs the bulk response from the concrete specimen.

Consider, for example, the Nyquist plots for the PC mix (w/b=0.65) and the GGBS mix
(w/b=0.35) presented in Figure 4.19 and Figure 4.20 respectively; using the parameter
values for the circuit elements presented in Table 4.9, the simulated Nyquist responses
over the frequency range 1Hz-10MHz are presented in Figure 4.23(a) and (b). The
simulated circuit and the measured data show good agreement indicating that the model
is a good electrical representation of the system. Regarding the GGBS concrete (Figure
4.23(b)), as this mix did not display a spur in the low-frequency region circuit element,

R3-CPE3 is not included in the model simulation.

The following general features are evident from Figures 4.19 — 4.21.

(@) anincrease in the w/b ratio results in a decrease in the bulk impedance of the specimen
causing a decrease in the diameter of the dominant (bulk) arc (i.e. circuit element R1-

CPE1). R1, together with R, would represent the resistance associated with the

continuous capillary porosity within the concrete i.e. the percolated porosity;

(b) concretes containing SCMs have an increased impedance in comparison to the
equivalent PC mix. Although concretes containing GGBS and FA may not necessarily
be of lower total porosity than the PC concretes, it is of a much more disconnected
and tortuous nature (Li and Roy, 1986; Lu et al., 2006). This feature is reflected in the

increased impedance of these mixes;

(c) the frequency at which the R1-CPE1 arc maximizes falls within the range 150kHz-

5MHz and is binder-specific, with the maximum frequency increasing in the sequence

FA concretes, GGBS concretes, and PC concretes; and

In order to confirm whether circuit elements R2-CPE2 and R3-CPE3 are, indeed,

artefacts of the concrete/electrode contacting medium, Figure 4.24 — Figure 4.26 present
the Nyquist and Bode plots for the concrete mixes (w/b = 0.65 only) with the contacting
sponges saturated with tap water, calcium hydroxide and simulated pore solution. These
Figures clearly highlight the influence of the saturating liquid on the impedance response.
As previously noted, for sponges saturated with the simulated pore solution, this
manifests itself as a small, flat arc at the low-frequency side of the Nyquist plot, but as
the impedance of the sponges increases (see Figure 4.18), it can be seen that this flat arc

develops into a well-defined, low-frequency circular arc.
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The Bode plots show more clearly the influence of the sponge-saturating liquid on the
measured impedance, |Z*( @ )|, and phase angle, 6, as both the impedance curves, and
phase-angle curves, tend to merge in the frequency range 5-10kHz. At frequencies in
excess of approximately 5kHz, the circuit model for the system would then be represented

by R1-CPE1 and R, in Figure 4.22. It is also evident that as the impedance of the concrete

specimen increases, the influence of the sponge-saturating liquid diminishes.

This clearly has implications in the development of standard testing procedures for
concrete resistivity measurements, particularly using AC in the low-frequency range
50-100 Hz. For example, consider the PC (w/b=0.65) concrete in Figure 4.24; using
water-saturated sponges, the measured resistance (real component), R, at 100 Hz is

804 Q, whereas at 10kHz the resistance is 593 (2. The resistance of the sponges measured

separately, denoted R,,, is 9.4Q at 100Hz and 8.1Q at 10kHz. Using the method

sp
presented by Newlands et al. (2008), these values could then be used to evaluate the bulk
resistivity of the concrete cube (p.upe) USing the two-point method presented in Figure

4.16(a) as,

A
Pcube = T (R — Rsp) (4.10)

where A is the cross-sectional area through which the current flows (0.15<0.15m?) and
L is the spacing between the electrode plates (0.15 m). This obtains a resistivity of
119 m at 100Hz and 88 Q2 m at 10kHz. With reference to Table 4.8, this would move the
concrete from one durability classification into another based solely on the test frequency
and sponge-saturating liquid. Both these parameters need to be standardized to provide a
consistent measurement procedure/protocol. This leaves the question: how is the true bulk
resistance (hence resistivity/conductivity) of the specimen obtained using a two-point

(end-to-end) measurement technique. This is further developed below.

The model presented in Figure 4.22 would suggest that the bulk resistance of the concrete
can be obtained at the intercept of the low-frequency end of arc R1-CPE1 with the real
axis (i.e., the value R; + R1). In the two-electrode technique, the potential drop is
measured between the external plate electrodes and includes the spurious effects the
sponges have on the measured impedance. By separating the current electrodes and

potential electrodes as presented in Figure 4.17(a), such effects are, theoretically,
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eliminated. Ideally, in the four-electrode method the potential electrodes should be moved
out of the current field to ensure that no current is drawn to the sensing electrodes (Schwan
and Ferris, 1968; Paul Ben et al., 2013). It was decided, however, to use embedded
voltage-sensing pin-electrodes as the FRA’s input impedance of 1.0MQ over the
frequency range 1Hz-10kHz, then decreasing to 45k Q at 10MHz (Hsieh et al., 1997) is
considerably larger than the impedance being measured, which will ensure that negligible
current is drawn through the sensing electrodes. By way of illustration, using the testing
arrangement in Figure 4.17(a), Figure 4.27(a) presents the Bode plots for the PC concrete
(w/b=0.65) and Figure 4.27(b) that for the GGBS concrete (w/b=0.35) with simulated
pore solution used to saturate the contact sponges. With the electrode/sponge effect
absent, the elements R2-CPE2 and R3-CPE3 (Figure 4.22) are, effectively, removed and
the impedance and phase angle remain virtually constant over the frequency range 1Hz-
10kHz. As the phase angle is ~0°, this implies that the concrete is displaying purely

resistive behaviour and Z*(w) ~ Z'(w).

Consider now the resistance of the concrete specimens at 1kHz (which lies near the
logarithmic centre of this frequency range); from Figure 4.27, this obtains values of

272 Q) for the PC mix and 2219 Q for the GGBS mix. As the current flow-lines through

the sample are parallel, the resistivity of the concrete, p.onc (in & M), can be evaluated,

_ A
Pcube = ER (4.11)

where R is the measured resistance (real component) for this testing configuration, d is
the spacing of the embedded potential electrodes (0.075 m) and A is the cross-sectional
area through which the current flows (0.15 % 0.15m?2). This gives a resistivity for the
concretes of 81.6 Q.m for the PC mix and 666 Q .m for the GGBS mix. These values can

now be used to compute the bulk resistance of the concrete cube (R.,pe) Using the two-

point method,

L
Reupe = chonc (4_12)

where A is defined above and L is the spacing between the electrode plates (0.15 m);

hence R . =544 Q for the PC mix and 4440 Q for the GGBS. These represent the real

component of the impedance, Z'(w), which are now located on the Nyquist plots
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presented in Figure 4.19 (a) and Figure 4.20 (a) and indicated by an arrow on the real
axis. This procedure was repeated for all the concrete mixes in Table 4.4 and indicated
accordingly on the Nyquist plot associated with each mix in Figures 4.19 — 4.21. It is
apparent that the true resistance of the cube can generally be located at the cusp point
between the sponge/specimen interface arc (R2-CPE2) and the bulk concrete arc (R1-

CPE1) on Figure 4.22.

In terms of standardizing testing procedures using a single frequency, end-to-end (two-
point) resistance measurement, the work detailed above would indicate that the test
frequency should lie in the range 5-10 kHz together with a highly conductive sponge-

saturating liquid.

4.2.4 Concrete mixes electrical measurements

In these experiments (Set 2), the two-point end-to-end plates electrode configuration was
used. Impedance measurements were obtained from each sample in Table 4.4 by using
the Solartron 1260 FRA as noted in section 4.2.3. After removal from the curing tank, the
concrete cube was wiped with an absorbent towel and allowed to surface-dry before
testing, with testing undertaken in a laboratory at a temperature of 21=1°C. The electrical
measurements started at the age of 1lday, with a seven days interval between each
measurement until the age of 90 days, thereafter, the measurements reduced to every
28days until the age of 360 days.

4.2.5 Durability ranking

In this experiment, the Nordtest NT Build 492 (NTBuild492, 1999) was used to rank the
concrete mixes in Table 4.4 according to their resistance for chloride penetration by
estimating the non-steady-state migration diffusion coefficient D, . For this set of tests,
the three 200@mmx50mm concrete disks obtained from each mix (discussed above) were
vacuum saturated in a CaOH, solution for 24hrs before the samples were mounted in the
electrical migration test cell. This comprised two compartments in which one
compartment contained the anolyte solution (0.3 Molar NaOH), and the other

compartment, the catholyte solution (2.0 Molar NaCl) (see Figure 4.28)

The concrete disks were placed in the catholyte compartment in a plastic holder which is
surrounded by a plastic sleeve and secured by stainless steel clamps. A 30V potential

difference was applied by a set of electrodes. The duration of the test is determined by
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estimating the initial current which is produced due to the application of the initial
voltage, the duration could be altered accordingly by adjusting the voltage, hence the
current. At the end of the migration test, the final applied voltage and the temperature
were recorded and the samples were removed from the apparatus and washed with tap
water before being split in two. The freshly split surface was sprayed with a 0.1 Molar

silver nitrate solution to identify the penetration front of the chloride solution.

The average depth of the penetration front was used to estimate the non-steady state

diffusion coefficient by the use of the following equation:

0.0239(273 + T)L (273 + T)Lx,
Dnssm = (U — Z)t Xq — 0.0238 T

(4.13)

Where: D, ..,,: Non-steady state migration coefficient, x10~12m?2/s. U: Absolute value
of the applied voltage (V). T: average value of the initial and final temperatures in the
anolyte solution (°C). L: thickness of the sample (mm). x,: average value of the

penetration depth (mm). t: test duration (in hours).

4.3 Summary
In this chapter, a detailed description for the experimental program is presented. The
experimental program is divided to two main experiments, the early hydration stage

experiment, and the hardening stage hydration experiment.

Through the early hydration experiment, the electrical response over the frequency range
1Hz-10MHz has been used to characterize the material during the initial 24hrs. Parallel
tests such as temperature rise, heat output and environmental scanning electron
microscopy were used to support the findings of the electrical measurements. For the
early hydration experiments, both cement-pastes with different w/b ratios and different
GGBS/fly-ash replacements were used. Concrete mixes with different GGBS and fly-ash
were also used however at one w/b ratio (0.45).

The accuracy which the AC conductivity of the material could impose on the conductivity
response has been highlighted. Detailed experiments were conducted during the early
hydration period to obtain a fixed measuring frequency which could be used to extract an
accurate DC conductivity value. It was shown that the measuring frequency zone at which
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+5% accuracy of the bulk conductivity could be attained, decreases through time. This
frequency zone has also been shown to be affected by the w/b ratio as well as the

replacement percentage in the mixes.

With regard to the hardening stage experiment, the 2-point, end-to-end electrode
configuration has been studied by impedance spectroscopy. The interface region between
the concrete and the contact media has been shown to have a significant electrical
impedance imposed on the material response. This effect should be considered if the
electrical response is utilised as a durability ranking index. The NTbuild492 test has been
used as a standard durability test for concretes with different w/b and SCMs additions at
the age of 400 days. The results were assessed and compared with the electrical

measurement durability ranking.
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Figure 4.1: Diagrammatic representation of the experimental programme.
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Figure 4.2: (a) Plexiglass cuboidal cell, (b) early hydration cell with sample and
electrodes, and (c) X-X" cross-section showing positioning of electrodes

and thermistor.
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Figure 4.3: Early hydration cell for concrete.
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Figure 4.4: Calorimeter can for paste sample.
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Figure 4.6: Temperature logger and multiplexer.
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Figure 4.8: Variation in frequency at which bulk conductance can be obtained over the
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Figure 4.9: Variation in frequency at which bulk conductance can be obtained over the
initial 24-hours for GGBS pastes: 35%, 50% and 65% (0.35w/b).
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Figure 4.10: Variation (%) from the DC conductance of the samples as a function of time
and frequency for, (a) PC 0.3w/b, (b) PC 0.35w/b and (c) PC 0.45w/b.
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Figure 4.11: +5% upper frequency limit window conductance difference through
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conductance difference through frequency and time for the 0.3 wi/b,

0.35w/b and 0.45w/b cement pastes.
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Figure 4.12: Percentage difference in the electrical conductance from the DC
conductance through time recorded at the frequencies (a) 100kHz and (b)
1MHz for the 0.3, 0.35, 0.45w/b cement pastes.
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(a)

Figure 4.16: (a) Schematic of testing arrangement for two-point AC end-to-end
measurements and (b) laboratory setup.

Figure 4.17: (a) Schematic of testing arrangement for four-point measurements and (b)

laboratory setup.

112



iZ"() (ohm)

-100

10Hz
o——o Water
+— Ca(OH)
&—=a NaOH+KOH

o

Z'(w) (Ohm)

Figure 4.18: Nyquist plot for synthetic sponges placed between the electrodes with

saturating liquids indicated.
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Figure 4.19: (a) Nyquist, and (b) Bode plots for PC concrete mixes (error bars are
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bar).
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Figure 4.20: (a) Nyquist and (b) Bode plots for GGBS concrete mixes (error bars are

presented on Bode plot and represent = one standard deviation).
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presented on Bode plot and represent == one standard deviation).
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Figure 4.23: Measured and simulated responses for (a) PC concrete (w/b = 0.65) and
(b) GGBS concrete (w/b = 0.35). The simulated response is based on the

model presented in Figure 4.22, and circuit parameters in Table 4.9
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Figure 4.26: Influence of sponge saturation liquid on (a) Nyquist, and (b) Bode plots for
FA concrete (w/b = 0.65).
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Figure 4.27: Bode plots obtained using the four-point testing arrangement presented in
figure 2 for (a) PC concrete (w/b = 0.65) and (b) GGBS concrete (w/b =
0.35).
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By weight % CEM | (%) GGBS(%) FA(%)
Sio, 20.95 33.89 45-51

Al, 04 5.2 13.96 27-32
Fe,03 3.42 0.35 7-11
CaO 59.86 38.03 1-5
MgO 2.25 8.77 1-4
K,O 0.56 0.67 1-5

Na,O 0.21 0.24 0.8-1.7

Table 4.1: XRF for CEM I, GGBS and FA as obtained from suppliers.

Paste Mix wh | CEMI% | GGBS% | FA% | CaS0,% addition
PC 0.30w/c 100 ~ ~ ~
35%GGBS 0.30w/b 65 35 ~ ~
50%GGBS 0.30w/b 0.30 50 50 ~ ~
65%GGBS 0.30w/b 35 65 ~ ~
35%PFA 0.30w/b 65 ~ 35 ~
PC 0.35w/c 100 ~ ~ ~
35%GGBS 0.35w/b 65 35 ~ ~
50%GGBS 0.35w/b 50 50 ~ ~
65%GGBS 0.35w/b 0.35 35 65 ~ ~
35%PFA 0.30w/b 65 ~ 35 ~

PCO0.35w/c+0.5%CaSo, 100 ~ ~ 0.5

PC0.35w/c+2%CaSo, 100 ~ ~ 2
PC 0.45w/c 100 ~ ~ ~
35%GGBS 0.45w/b 65 35 ~ ~
50%GGBS 0.45w/b 0.45 50 50 ~ ~
65%GGBS 0.45w/b 35 65 ~ ~
35%PFA 0.45w/b 65 ~ 35 ~

Table 4.2: Cement pastes mixes used through the early hydration.
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Plasticiser

) CEMI | GGBS FA 20mm 10mm Fine (<4mm)
Mix w/b %)
kg/m3 | kg/m® | kg/m® | kg/m3 kg/m?3 kg/m?3
PCCO0.45w/b 0.45 339 - - 781 390 781 "
PCCO4SWD | 45 | 339 - - 781 390 781 1.0
+1%SP
35%GGBS0.45wb | 0.45 220 118 - 778 389 778 "
3506GGBS0.45wb 10
0.45 220 118 - 778 389 778 ’
+1%SP
65%GGBS0.45wb | 0.45 118 219 - 776 388 776 "
65%GGBS0.45wb 10
0.45 118 219 - 776 388 776 ’
+1%SP
35%FA 0.45w/b 0.45 217 - 117 768 384 768 N
3506FA0.45w/b 10
0.45 217 - 117 768 384 768 ’
+1%SP

Table 4.3: Concrete mixes used for early hydration experiments.
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Plasticiser
. CEMI | GGBS FA 20mm 10mm Fine (m)
Mix Batch w/b s . s s X R
Designation kg/m kg/m kg/m kg/m ka/m kg/m
c1 | 035 | 380 - . 787 395 790 1.43
c2 | 045 | 340 ; ; 781 390 780 1.0
CEM | :
(PC) c3 | o065 | 265 - - 790 395 790 -
Gl | 035 | 245 | 130 ; 784 390 785 1.43
G2 | 045 | 220 | 120 ; 778 389 780 0.95
CEM 11/B- '
(GGBS3S) | 53 | 065 | 170 | 90 ; 788 395 790 -
X1 | 035 | 130 | 245 - 782 390 780 1.43
CEMIVA | x2 | 045 | 120 | 220 ; 776 390 775 0.95
(GGBS/65)
x3 | 065 | 9 | 170 ; 786 395 785 -
PL | 035 | 240 ; 130 | 773 385 775 1.43
P2 | 045 | 220 - 120 | 768 385 770 0.95
CEM 11/B- :
(FAJ35) P3| 065 | 170 ; 90 780 390 780 -

Table 4.4: Concrete mixes used for the hardening stage experiments.

Mix Fos (MPA) | Figo (MPA)
Cl 79 88
C3 39 46
Gl 81 89
G3 35 45
P1 65 81
P3 24 38

Table 4.5: Mean compressive strength for Set 1.
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Mix | Fzs (MPA) | Figo (MPA) | Faoo (MPA)
C1 78 102 103
C2 68 80 83
C3 43 49 53
Gl 81 97 99
G2 57 77 79
G3 28 44 46
X1 83 98 105
X2 56 76 81
X3 32 46 51
P1 71 97 105
P2 41 59 70
P3 25 38 47

Table 4.6: Mean compressive strength for Set 2.

Durability class

Chloride Resistivity Index

(ohm-m)
Excellent >13.0
Good 6.5-13.0
Poor 04.0-6.5
Very poor <4.0

Table 4.7: Suggested ranges for concrete durability classification
(adapted from (Alexander et al., 2010)).

Resistance to corrosion Resistivity
(kohm-cm)
Low <5
Moderate / Low 5-10
High 10-20
Very High > 20

Table 4.8: Empirical concrete resistivity thresholds for protection of embedded steel
reinforcement (adapted from (Langford and Broomfield, 1987; Broomfield,

2006)).
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9CT

GGBS (w/b=0.35)

Mi Rs (Q) | R (Q) | CPEL(C)) (FsP*Y | P1 | R2 | CPE2(C) (FsP*Y) | P2 R3(Q) CPE3(C)) P3
IX
(FsP )
-10 -4 5 3 0.77
PC (W/b=0.65) 129 348 1.929x10 0.96 | 114 1.16x10 0.31 | 5x10 3.77x10
449 | 4418 1.072x107° 0.80 | 1333 2.729x107 0.43 + + +

Table 4.9: Circuit simulation parameters for PC and GGBS concrete mixes.




Chapter 5 — The electrical Properties of Cementitious Materials during

Early Hydration

5.1 Introduction

In this chapter, the conductance/conductivity and the capacitance/permittivity through the
initial 24hrs hydration are presented. These electrical parameters are used to study the
physical, chemical and microstructural changes which take place during this early
hydration period. The conductivity of the material is evaluated at one frequency
(developed in Chapter 4) which is deemed to be a suitable measuring frequency with an
acceptable accuracy in the bulk conductivity. In terms of polarization and conduction
processes which take place during this early hydration stage, the 1Hz-10MHz frequency

range is investigated through time. This chapter is divided as follows:

Part 1: Results are presented for the conductivity of the CEM | cement-pastes, as well as
pastes replaced with SCM’s. In parallel, the change in internal temperature was recorded
for the samples. Electrical measurements highlight the effect of the measuring frequency

as well as the effect of the hydration process.

Part 2: In this section, the results in Part | are discussed in conjunction with isothermal
calorimetry and ESEM as well as comparing the observed electrical response with

published studies on the early hydration of cementitious materials.

Part 3: The early hydration electrical response is explained using an equivalent electrical
circuit (EEC), in which the circuit parameters are explained in terms of the physical and
chemical processes occurring during hydration through the liquid phase as well as on the

grain surfaces.

Part 4: This section focusses on the electrical response of concrete mixes during the early

hydration period, as well as the effect of chemical admixtures on hydration.
5.2 Results

5.2.1 Early hydration electrical conductivity
As was shown in the previous chapter, the 100kHz frequency through time gives a good

evaluation of the conductivity which lies within the range of +5% of the actual DC
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conductivity value. Therefore, the temporal change in conductivity at 100kHz was used

for both the pure and partially replaced cement-pastes.

Pure cement pastes
Figure 5.1(a) presents the conductivity for the 0.3, 0.35, 0.45 w/b ratio cement-pastes.
From this Figure, it is evident that the conductivity can be divided into two distinct

regions which are:

(i) A region of increasing conductivity reaching a maximum after ~2hrs (see Figure
5.1(b)); and,

(if) A region of decreasing conductivity, which starts at ~2hrs and continues over the

remainder of the 24hr monitoring period.

Figure 5.1(c) presents the derivative of the conductivity (do/dt) and Figure 5.1(d) presents
the variation in the internal temperature of the pastes over the initial 24hrs. By considering
the derivative (Figure 5.1(c)), the two regions defined above can be further sub-divided

into six identifiable stages. With reference to Figure 5.2, these are:

Stage |

This stage starts immediately after mixing with water. The main distinguishable feature
in this stage is the high positive do/dt values. The do/dt response through this stage
displays a rapid decreasing trend through time whilst maintaining its positive value. This
rapid decreasing trend in the do/dt graph for the three different pastes lasts for ~40mins
before Stage I1. During Stage | the temperature displays a small increase for all mixes, as

it rises by ~3°C degrees from its initial value (see Figure 5.1(d)).

Stage 11

Stage Il is identified by a period of slowly increasing conductivity and reducing do/dt.
For the PC 0.3w/b ratio cement-paste, this stage starts at ~54mins; however, for the PC
0.35w/b and 0.45w/b this stage is delayed to ~1hr and ~1.2hrs, respectively. Through this
stage the conductivity rises and culminates in a global maximum signifying the end of
Stage Il. This peak occurs at ~1.6hrs, 1.8hrs and 1.9hrs for the PC 0.3w/b, PC 0.35w/b
and PC 0.45w/b, respectively. It is evident that the maximum value of conductivity for
the three different cement pastes is dependent upon the w/b ratio (see Figure 5.1(b)) as

the peak conductivity value increases by 2% when the w/b increases from 0.30 to 0.45.
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Regarding the internal temperature of the pastes during Sage II, this does not show a
noticeable change after the initial increase which was observed at the end of Stage I.
Indeed, some of the mixes display a slight decrease in their temperature as in the case of
the PC 0.3w/b (see Figure 5.1(d)); however, the general trend during Stage Il is relatively
constant temperature values as displayed in PC 0.35w/b and PC 0.45w/b.

Stage 111

This is a short-lived region of rapidly decreasing conductivity occurring over the period
~1.6-2.0 hrs, occurring immediately after the global maximum which occurs at the end

of Stage I, and results in a local minimum on the do/dt curve.

Stage IV

This stage displays a period of gradually decreasing slope (do/dt) which is related to the
w/b ratio in the mixes. From Figure 5.1(c) the PC 0.45w/b paste has a decreasing slope
through time with less negative values when compared with the 0.3 and 0.35 w/b pastes.
The temperature values (Figure 5.1(d)) start to rise during this stage. By comparing the
start of the temperature rise with the conductivity, it is evident that for all the cement
pastes, the temperature rise takes place approximately at the same time with the sharp
drop in the do/dt curve. Regarding the latter, the do/dt curve turns negative; for the PC
0.30w/b the decrease takes place at ~1.82hrs and for the PC 0.35w/b and the PC 0.45w/b
at ~1.86hrs and 1.88hrs respectively, which are comparable to the beginning of the
temperature rise in the mixes (see Figure 5.2 and Figure 5.1(b)). It is also noticeable that
as the temperature rises during this stage the conductivity displays a progressive
decreasing trend.

Stage V

Stage V starts after the gradual decreasing trend of the do/dt graph at the end of Stage IV.
It is interesting to note that this stage starts with an increasing rate with negative sign.
This increasing rate continues until a sudden change in the slope takes place in the do/dt
graphs resulting in a local maximum for the mixes at the ages of ~8.31hrs, 8.40hrs and
8.85hrs for the PC 0.3w/b, PC 0.35w/b (Figure 5.1(c)) and the PC 0.45 w/b (Figure 5.1(c))
respectively, with a clear delaying effect with increasing w/b ratio. After this change in
do/dt, the conductivity values continue their gradual decreasing trend with a slow
changing rate which is evident by the do/dt graph which gradually approaches zero.
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Regarding the temperature during this period, this continues its increasing trend which
started at Stage 1l until it peaks at ~9.65hrs, 9.85hrs, 10.02hrs for, respectively, the PC
0.3w/b, 0.35w/b and 0.45w/b. The effect of w/b ratio on the temperature is more
pronounced when comparing the lowest w/b ratio mix with the highest one as in the case
of the PC 0.3w/b, it records a value of 27.6°C which is higher than that recorded for the
PC 0.45w/b which is 26.1°C. In terms of the temperature peaks, the PC 0.30w/b peak
takes place ~22mins earlier in comparison to the PC 0.45w/b. After this peak, the

temperature decreases gradually until the end of Stage V (see Figure 5.1(b)).

Stage VI

The main feature at this stage is the slowly decreasing trend evident on the electrical
conductivity graph. which extends to the end of the 24hr monitoring period.

Early hydration conductivity for replaced pastes

By considering Figure 5.3, the general trend of the conductivity, and temperature for the
replaced mixes is similar to those for the pure cement-pastes. The conductivity and the
do/dt for the replaced cement- pastes can also be divided to the same 6 Stages; however,
some differences are evident regarding the start and duration of some stages. Also, the
absolute values of conductivity and do/dt are reduced in comparison with the pure

cement-pastes.

The main features which are detectable for the replaced mixes during the six stages are:

(@) From Figure 5.3, the replacement percentage has two different effects on the
conductivity. At early ages (Stages I-V) the conductivity displays an inverse relation
with the replacement level i.e. the conductivity decreases as the replacement level in
the pastes increases. The maximum values which occur at the end of Stage Il are
1.21S/m for 35%GGBS, 1.06S/m for 50%GGBS and 0.84S/m for 65%GGBS.
However, as the samples hydrate, this trend reverses and a ‘cross-over’ takes place on
the mixes: the 35%GGBS conductivity decreases to a value of 0.21S/m at 24hrs,
whereas the 50%GGBS and the 65%GGBS have values of 0.29S/m and 0.30S/m,
respectively, showing that the highest replaced mix has the highest conductivity at the

end of the 24hr monitoring period.
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(b) It is evident by taking the maximum conductivity at the end of Stage Il as a
benchmark, this maximum is progressively delayed as the replacement percentage
increases from 35%GGBS to 65%GGBS. The maximum is recorded at 1.73hrs,
1.83hrs and 2.00hrs for, respectively, the 35%GGBS, 50%GGBS and 65%GGBS. In

comparison, this peak is recorded at 1.80hrs for the pure cement-paste.

(c) During Stage 1V, it is clear that as the replacement percentage increases, the slope of
the do/dt graph becomes less negative during this Stage (see Figure 5.3(c)), and this

is equivalent to increasing the wi/b ratio for pure cement-pastes.

(d) During Stage V, it is interesting to note that the replaced mixes show the same local
maximum on the do/dt graph as was presented in the pure cement-pastes; however,
the prominence of this maximum depends on the replacement level in the mixes. The
peak gets wider and persists over a longer time scale as the replacement level
increases (See Figure 5.3(b)). It should also be noted that as the replaced level in the
mixes increases, the starting point of the local maximum in Stage V appears much
earlier than pure cement—pastes or the low replaced mixes, as for the 65%GGBS
0.35w/b paste this local maximum appears at the age of ~6hrs as opposed to 7.5hrs
for the 35%GGBS 0.35w/b mix (see Figure 5.3(c)).

(e) Regarding Stage VI, as with the pure cement-pastes, the same trend for both
conductivity and do/dt is also observed in the replaced mixes. The reduced do/dt

indicates slower reactivity as previously discussed.

(f) Figure 5.3(d) presents the internal temperature for the replaced mixes. The most
noticeable feature is a well-defined temperature maximum for the 35%GGBS. Due to
the low temperature of the other replaced mixes, the temperature recorded could be

affected by the fluctuation in the ambient laboratory temperature.

From what has been discussed above regarding the conductivity and do/dt for both the
pure cement-paste mixes and for replaced mixes, it is clear that these pass through
different stages and this highlights the occurrence of different reactions and reaction rates

which take place during this early hydration period.

5.2.2 Early hydration permittivity

Pure Cement pastes

Figure 5.4 presents the permittivity (g,) at selected frequencies. It is evident from this
Figure that this parameter can change by several orders of magnitude over the frequency

range 1Hz—10MHz and in order to get a clear picture of the change in permittivity with
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time and frequency the normalised permittivity, (ey), is used. The normalised
permittivity is defined as:
&r(t)

Ey = (51)

er(t.)

where:

€, (t): permittivity value at time (t); and, €,-(t,): initial permittivity value at t=0.
Figures 5.5 — 5.7 present the €y versus time for the 0.3w/b, 0.35w/b and 0.45w/b
cement-pastes for the initial 24hrs hydration over the frequency range 1Hz-1MHz.
Figure 5.5(a), Figure 5.6(a) and Figure 5.7(a) present the frequency range 1Hz-10Hz for
the three different w/b cement-pastes and it is evident that the response is almost constant
with time which is in agreement with Figure 5.4 in the low frequency range. At 1Hz, it is
clear that the &, response has an initially high value, before decreasing to reach a constant
period which extends to almost 6hrs. At this time a noticeable plateau area appears which
extends from 6hrs to 14hrs. After this plateau period, a constant trend takes place until

the end of the testing period (see Figure 5.5(a), Figure 5.6(a) and Figure 5.7(a)).

At 100Hz and higher, from Figures 5.5 — 5.7, it is apparent the &y response is similar to
the conductivity-time response with all the same stages which have been identified on the
conductivity response. However, an interesting feature which is detected in the ey
response in the frequency range ~10kHz—800kHz (see Figures 5.5 (e) — (f)), Figures 5.6
(e) — (f) and Figures 5.7(e) — (f)) is the emergence of a ‘peak’ at approximately 4hrs. This
feature becomes evident at a frequency of ~10kHz, and continues until a frequency

~800kHz. The prominence of this ‘peak’ is affected by the w/b ratio, being more
pronounced at 0.3w/b and 0.35w/b than 0.45w/b. This peak indicates an increase in the

polarizability of the paste which is masked by other polarization processes (e.g. electrode
polarization) at a lower frequency range. As the frequency increases to >1MHz, the peak
is not evident, which is in agreement with other early hydration studies which have been
conducted at higher frequency ranges (GHz) for the permittivity (Moukwa et al., 1991;

Zhang et al., 1996), as in these studies the increase in polarization was not detected which

indicates that it is feature which occurs in the mid-frequency range.
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Replaced pastes (GGBS)

As with the pure cement pastes, Figure 5.8 presents the permittivity (g,) at selected
frequencies. Figures 5.9 — 5.11 show the normalised permittivity for the 35%GGBS,
50%GGBS and 65% GGBS pastes for 0.35w/b ratio. It is clear that many of the features
which have been detected in the pure cement- pastes are also present in the replaced

mixes. These features can be summarised:

(1) As in the case of the cement pastes, the low-frequency €y response (1Hz-10Hz)

shows little change through both frequency and time. This is particularly noticeable
in the high replacement mixes (65%GGBS).

(if) As the frequency range increases from 10Hz to higher frequencies, &y, as in the case

of the cement pastes, starts to display a conductivity—like response through time.

(iii) All the replaced mixes, show the same intermediate-high frequency permittivity
polarization plateau process which was identified as the source of difference between
the conductivity and the permittivity in the case of the pure cement pastes. However,
in the case of the replaced cement mixes, it is interesting to note that as the
replacement percentage increases, this polarization process, the intermediate-high
frequency polarization process, starts to emerge at a lower frequency range when
compared to the pure cement pastes. By considering the 65% GGBS paste, the
mentioned polarization starts to take place at the frequency of 4kHz; on the other
hand, for the 35% and the 50% GGBS pastes this polarization process starts to take
place at a frequency of 20kHz and 6kHz, respectively (see Figure 5.9(e),
Figure 5.10(d) and Figure 5.11(d)).

(iv) The intermediate—high frequency polarization process extends over a longer time-
scale in the case of the replaced mixes as the replacement percentage in the mixes
increases. As can be seen from Figure 5.10(e) and (f) and Figure 5.11(e) and (f) which
both represent the high replaced mixes, this polarization gives an indication that it is
composed of two polarization processes and not just one as in the case of the cement

pastes.

(v) A noticeable enhancement in the €, response is evident at 1MHz at late ages (24hrs),
and could be compared to the enhancement observed in the cement pastes at the same

frequency and age. From Figure 5.9(f), Figure 5.10(f) and Figure 5.11(f), as the

replacement percentage increases, the enhancement in €, also becomes more
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pronounced, €y increases from 0.4 in the case of 35%GGBS to almost 0.75 in the

case of the 65%GGBS replaced paste at the age of 24hrs (see Figure 5.9 and Figure
5.11).

5.3 Discussion

In order to be able to fully understand and discuss the electrical response during the first
24hrs, it should be explained within the context of the interstitial phase chemistry, and
the physical/chemical and microstructural changes occurring over the testing period. The
dependency of the conductivity of the cementitious materials on these factors is illustrated
by equation (5.2) (Christensen et al., 1994). This equation combines the effect of both the

capillary porosity (¢b.) and the tortuosity of the pore network on bulk conductivity.

0 = 0P (5.2)
Where:
o: Material electrical conductivity(S/m)
o.: Pore solution conductivity(S/m)
d.: Volume fraction of the capillary porosity.

B: A parameter related to the pore tortuosity.

During the early stages the influence of the aqueous phase chemistry is expected to
dominate the electrical response more than at later stages where microstructural changes

will dominate by restricting ionic mobility in the solution (Vernet and Noworyta, 1992).

With regard to the permittivity and its dependency on the pore structure and pore solution
chemistry, it is known that the presence of discontinuities and interfaces in the material
promotes the presence and the operation of different types of polarization mechanisms
such as Maxwell-Wagner polarization (interfacial polarization) at the frequency ranges
<100MHz (Martinsen and Grimnes, 2011) (see section 3.22). The bulk permittivity is also
affected by the concentration of the interstitial electrolyte (Chen and Or, 2006). In
addition, the dispersion of particles in electrolytes also promotes double layer polarization
on the surface of the dispersed particles particularly at lower frequency ranges (kHz-
MHz) (Schwan et al., 1962; Schwarz, 1962)).
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5.3.1 Conductivity of cement pastes
It is considered appropriate to discuss both Stage | and Il in the conductivity together, as
there is a continuous increase in the conductivity through both these stages, albeit at

different rates.

Stage I and 11

The hydration reaction of cement takes place through both dissolution and precipitation
processes (Le Chatelier and Mack, 1905). During the first 24hrs from mixing with water,
the dominant reactions being the silicate and aluminate phases. The silicate phase reaction
eventually leads to the formation of crystalline CH, and a poorly crystalline C-S-H which
is the main source of cement strength. The aluminate phase reaction leads to the formation
of ettringite and monosulphoaluminate which depends on the availability of sulphate ions
(Taylor, 1997; Hewlett, 2003; YImén et al., 2009; Hesse et al., 2011).

On contacting the cement grains with water, a rapid exothermic dissolution process from
the surface of the cement grains takes place. This dissolution process leads to the release
of Ca?*, OH™, SO}~ and a combination of H,Si0,, H,Si0} , H3Si0; into solution.
Alkali sulphates also contribute in this early stage solution chemistry by releasing K+,
Na* in addition to SOZ~ ions to the aqueous phase (Barret and Ménétrier, 1980; Bullard
and Flatt, 2010; Bullard et al., 2011; Nicoleau and Nonat, 2016). After mixing calcium,
aluminium and sulphate concentrations show a rapid increase before decreasing at the
period between the ages of ~2mins to ~15mins which indicates significant ion - ion
interaction as well as the early precipitation of hydration products (see Figure 5.12)
(Double et al., 1983; Kelzenberg et al., 1998). The OH™ ions in cement pastes show a
continuous increase in concentration until reaching a maximum, thereafter their
concentration starts to decrease. The Ca?* ions also follow the same trend as the OH~
ions. The increase in the Ca?™* ions is due to the early nucleation of C-S-H product, due
to the difference in the stoichiometry between the dissolving alite phase and the early
formed C-S-H hydration product (Ca/Si <2) (Taylor, 1997). The calcium ion
concentration increases reaching a super-saturation level with respect to the Portlandite
(Double et al., 1978; Odler and Dorr, 1979; Garrault and Nonat, 2001; Garrault, 2005;
Bullard and Flatt, 2010). The behaviour of both the OH~ and the Ca?* in the solution
during this early Stage is in contrast to the silicate concentration which decreases through
this Stage (see Figure 5.13).
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By considering equation (5.3), the conductivity, o, of the aqueous phase is dependent on
the value of the product of the equivalent ionic conductivity of the ions, which differs
depending on the type of the ion (see Table 5.1)

o= z z;¢,, (5.3)

i

Where: z;: valence of the charges; c;: concentration of the charges (mol/l); A;: equivalent
ionic conductivity (cm? S/mol).

From Table 5.1 the product of the valence (z) and the equivalent ionic conductivity (4;)
for the OH~ ion is almost 3 times that of the Ca?* ion, therefore, it could be reasonably
deduced that the conductivity at this stage is related to the hydroxyl ions which, in turn,
is related to the calcium ion concentration through the electrical neutrality of the solution.
Regarding the do/dt response during Stage | and 11, the rapid decrease in do/dt during
Stage | (see Figure 5.1(c) and Figure 5.2), and the relatively constant rate during Stage I,
these are discussed below:

Precipitation of early hydration products, will affect the conductivity through the
consumption of ions in the hydrate formation process, and/or by partially or completely
covering the surface of the cement grains thereby hindering the dissolution process. These
two processes will decrease do/dt during Stages | and Il. Two types of hydration products
are expected to precipitate through this early period which are the aluminate phase
hydration products, and the nucleation of C-S-H. With regard to the aluminate phase
hydration products, their formation might not be able to fully explain the rapid decrease
in do/dt. As the C5S paste does not contain sulphate ions phases as in the case of the
Portland cement paste, however it still displays a decreasing rate for the OH~ ions which
are the main contributor to the conductivity response (see Figure 5.12(a) and Figure
5.12(b)).

Considering the early nucleation/precipitation of the C-S-H phase as a controlling process
with regard to do/dt during Stage I, this hydration product starts to nucleate immediately
on mixing the cement with water (Jawed and Skalny, 1982; Damidot et al., 2007).
Therefore the silicate ion concentration after the initial few minutes, acquires a low
constant value and does not change significantly, at least before the Ca?* and the OH~
peak (Figure 5.13) (Young et al., 1977; Ménétrier et al., 1979; Garrault and Nonat, 2001;
Thomas, 2007; Bergold et al., 2013). Therefore, it is expected the OH~ ions and the

Ca?*concentration will continue in their increasing trend however with a decreasing rate
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due to the consumed fraction of the latter ions in the nucleation process of the early
C-S-H phase which, in turn, shows a decrease in do/dt of the mixes see (Figure 5.1(c) and
Figure 5.2).

By considering the silicate ion behaviour through Stage Il and the data in Rothstein et al.
(2002) the dissolution of silicate ions during the first 10 minutes decreases and levels out
at low values which are in the range of uM/I and depends on the w/b ratio as shown in
Brown et al. (1984). This indicates that the early nucleation rate with regard to the
C-S-H phase is continuously decreasing over this time. This strongly suggests a decrease
in the dissolution rate which affects the nucleation rate of the C-S-H phase leading to the
induction stage, hence the decrease in the do/dt.

Juilland et al. (2010) have incorporated the geochemical dissolution theory of crystals to
explain the origin of the induction period. In this theory, three dissolution domains, as
shown in Figure 5.14, whose rates depend on the difference in the free energy between
the solid phase and the solution, were proposed to take place on the surface of the grains
(Dove et al., 2005). The following scenario is proposed to explain the relation between
the geochemical dissolution theory and the conductivity response for cement pastes
through Stages | and I1:

(@) Through Stage | and Il the conductivity increases which indicates a continuous

dissolution of the minerals, from the cement grains to the aqueous phase.

(b) Initial hydrates such as C-S-H start to nucleate, consuming both Ca?* and Si0,**
from the solution which will contribute in decreasing the do/dt through Stage |
(Damidot et al., 1990).

(c) Asthe Ca?* and the OH~ concentration in the solution increases, the aqueous phase
becomes more saturated with respect to CH. A decrease in the under-saturation index
with respect to the dissolving cement minerals takes place, which forces the
dissolution process to proceed through lower dissolution rates. This is reflected in the
continuous decreasing do/dt during Stage I due to the continuous decrease in the

dissolution rate of the minerals from the grains surfaces.

(d) This proposed scenario could be supported by comparing the three dissolution
domains which are shown in Figure 5.14 with the do/dt responses which are presented
in Figure 5.1(b) and Figure 5.2 during Stage I and I1. It is clear that do/dt during Stage
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I and Il is similar, in its general features, to the second and third dissolution domains

of minerals which are shown in Figure 5.14.

From Figure 5.2, Stage Il ends with a maximum in the conductivity and is due to the
increase in the Ca?* and the OH™ concentration in the solution. The relation between the
time of this maximum and the w/b ratio could be related to the diluting effect which the
w/b ratio plays in the aqueous phase. The higher the w/b ratio, the longer the time required
for the dissolving ions to reach their super saturation concentration level. It is also worth
noting that as the w/b ratio increases, the conductivity peak value also increases due to

the increase in the liquid phase which is the main current path through the mixes.

Stage 111

Both the peak in conductivity as well as the rapid decrease in do/dt take place within the
minimum observed on the dQ/dt graph which is related to the induction period in the
hydration reaction (see Figure 5.15) (Gartner et al., 2002). The decrease in do/dt and
conductivity during this stage is attributed to the rapid precipitation of CH, the process
reduces both the Ca?* and the OH~ ions in the aqueous phase which, in turn, causes the

decreasing trend observed during Stage III.

Stage IV
Several physical and chemical processes influence the conductivity through Stage 1V, and

are as follows:

Silicate phase reactivity re-initiation

After the decreasing trend in the do/dt, it is evident that do/dt increases and has less
negative values during this period which results in peak‘S’ in Figure 5.15. Both the
duration and the prominence of this peak depends on the w/b ratio, as for the PC 0.30w/b
this peak is more pronounced; however, for the PC 0.45w/b sample this peak is more
flattened and could be perceived as a plateau region. The change in the conductivity rate
during this stage could be explained in terms of the aqueous phase chemistry as shown in
Figure 5.13 (Young et al., 1977; Kelzenberg et al., 1998; Lothenbach and Winnefeld,
2006; Lothenbach, 2010). Several points could be deduced from the silicon concentration

profiles shown in Figure 5.13 and the dQ/dt curves which are shown in Figure 5.15.
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After the rapid decrease in the silicate concentration due to the early nucleation process,
an increasing period appears which takes place within or immediately after the peak of
the calcium concentration (see Figure 5.13) (Brown et al., 1984). At the stage in which
the S’ point takes place in Figure 5.15, the dQ/dt graph starts to increase rapidly
indicating the initiation of a second exothermic dissolution process, which is considered
in agreement with the simultaneous increase in the silicate concentration in the aqueous
phase in Figure 5.13 (L.Nicoleau, 2004). To this end, the origin of the peak in do/dt after
the CH precipitation, the ‘S’ point, could be attributed to the renewed silicate phase
reactivity after the induction period as this renewed reactivity promotes the initiation of
another dissolution period on the surface of the cement particles (Brown et al., 1984;
Damidot et al., 2007). This dissolution process is responsible in reducing the negative
values of the do/dt due to the introduction of more ions into the solution (Ca?* ,0H™,
H,Si0, , H,Si02™ ,H3Si0;).

During the first dissolution Stage (Stage | and Il), the conductivity displays a clear
increasing trend which is in contrast to Stage IV in which only a lower negative value in
do/dt is observed within the overall general decreasing trend in this parameter. This
difference in the conductivity behaviour between the two dissolution stages could be
attributed to:

(i) The difference in the diffusivity of ions from the cement grains due to the formation
of early hydration products such as ettringite (Scrivener et al., 2004), and meta -stable
C-S-H (Nicoleau and Nonat, 2016).

(if) The domination of the CH precipitation process on the conductivity which masks the
effect of the acceleration stage ionic dissolution on the conductivity, and reveals itself

just by lowering the negative value of the do/dt curve.

Nucleation and growth of stable C-S-H

After the ‘S’ point, do/dt starts to decrease. This gradually decreasing period continues
until @ minimum occurs on the do/dt graph, which is denoted by ‘P’ in Figure 5.2 and
Figure 5.15. At this point, do/dt changes from a decreasing trend to a gradual increasing
trend. The timing of point ‘P’ depends on the w/b ratio; for the 0.3w/b, this point takes
place at the age of ~4.5hrs, however, for the 0.45w/b it is delayed to ~5.75hrs (see
Table 5.2).

By considering the reinitiated dissolution process which causes the S point on do/dt
graph, a renewed nucleation process with respect to the C-S-H phase is expected to take
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place and is reflected by a decreasing trend in do/dt due to the consumption of ions in this
process. Both the increase in the activity of the silicate ions as well as the calcium ions in
the solution due to the second dissolution stage, increases the saturation index (SI) with
respect to the C-S-H phase, leading to its precipitation due to the Sl decreasing effect on
the free energy barrier for the nucleation process (Dirksen and Ring, 1991). The
heterogeneous nucleation is the most favourable mode to nucleate the C-S-H phase in the
interfaces between the cement particles and the liquid phase rather than through the
solution as in the case of the homogeneous type (Garrault-Gauffinet and Nonat, 1999;
Sunagawa, 2005; Garrault et al., 2006; Nicoleau, 2013). As the nuclei size exceeds a

specific critical size which depends on the Sl, the growth process takes place.

From this, and due to the acceleration period which is detected from the calorimeter
response, it is suggested that during this stage both a renewed nucleation process and a
growth initiation process are taking place. Both these processes contribute to decreasing
do/dt by reducing ionic concentration in the aqueous phase as well as restricting ionic
mobility due to the increase in the paste rigidity. Other studies which have used STEM
(Gallucci et al., 2010) and SEM (Scrivener, 1989; YImén et al., 2009) have shown a
carpet-like growth for the C-S-H phase on the surface of the cement grains at this stage,

which is in agreement with decreasing conductivity during this stage.

Outgrowth of early hydration products:

After the decreasing period between 2hrs and 5hrs on do/dt, which has been attributed for
the renewed nucleation and growth of the stable C-S-H, its decreasing trend changes to
an increasing trend indicated at the point ‘P’ in Figure 5.2. The change in do/dt suggests
a change in the controlling process from the proposed ion removed process, due to the
nucleation and growth process, to a further process. The outgrowth of C-S-H from the
cement particles could be regarded as the controlling process during Stage IV due to the
outgrowth of hydration products from the grain surfaces which impedes the conduction
process through the connected liquid phase. This is supported by considering the value of
the degree of hydration from the dQ/dt curves (Figure 5.15) for PC 0.3w/b, PC 0.35w/b
and PC 0.45w/b at the point ‘P’, which records the values of 3%, 4% and 6% respectively.
It is apparent that the timing of the ‘P’ point does not depend on the degree of hydration,
hence the amount of the hydration products formed in the mix, rather it depends on the
proximity of the cement particles to each other. In the high w/b mixes (and despite the

higher recorded degree of hydration), the timing of the "P’ point is delayed in comparison
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to the lower w/b pastes, and this is due to the increased distance which needs to be bridged
by the hydration products. It is suggested that the ‘P’ point could be considered as the
earliest point at which the microstructural changes start to significantly influence the

conductivity.

Hydration products growth type:

It is interesting to note that the time interval between the ‘P’ point and the dQ/dt peak in
Figure 5.15 depends on the w/b ratio. This time intervals varies between 4.8hrs, 4.5hrs
and 4.3hrs for, respectively, the PC0.3w/b, PC0.35w/b and the PC 0.45w/b pastes (see
Table 5.2) which indicates that as the w/b ratio increases, the time period between the
calorimeter peak and the ‘P’ point decreases. Therefore, it is proposed that the bridging
processes between the cement particles takes place simultaneously with the coverage of
the cement particle surfaces by the hydration products during this stage. However, due to
the early presence of the ‘P’ point in comparison to the dQ/dt peak, it is expected that the
crystal outgrowth mechanism, which results in increasing rigidity, is more rapid than the
lateral coverage process on the cement grain surfaces (Thomas et al., 2009). Therefore,
during the period between the ‘P’ point and the main calorimeter peak, the expected
growth type is an uneven crystal outgrowth process of hydration products from the cement
particles. This occurs before the impinging process between the different growing nuclei
on the surface of the cement particles which, consequently, initiate the decelerating stage
in the hydration process (Christian, 2002; Thomas, 2007; Bishnoi and Scrivener, 2009).
From this it is expected that the growth process proceeds on the C-S-H phase on the
surface of the cement grains filling the pores space first until the space limiting conditions
due to the coalescence between the different outgrowing particles takes place. Thereafter,
new nucleation centres from the surface of the uncovered grains takes place again. These
two growth processes continue until the cement grains are coated with the hydration
products, hence transforming the hydration mode from acceleration to deceleration
(Bazzoni, 2014) (see Figure 5.16).

Stage V

Considering Stage V which starts after the observed ‘P’ point (see Figure 5.2), the
conductivity continues its decreasing trend through time and the do/dt displays little
change in its increasing trend. With regard to the dQ/dt response, it maximizes for all the
mixes at this stage before it undergoes a continuous decreasing trend through the rest of

this Stage. Therefore, it is expected that over this Stage, both the outgrowth as well as the
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covering process, continue to operate. The do/dt peak, which is evident in the mixes
during this stage (see Figure 5.15) where peaks are denoted by ‘A’, indicates the presence
of another process, in addition to those already mentioned.

It is known that the aluminate phase (C;A) reactivity (after the initial ettringite (AFt)
formation) is expected to occur during the period after the silicate phase (C5S) reactivity.
To support the relation between the peak, which is denoted by ‘A’, and the renewed
aluminate phase reactivity, Figure 5.17 has been produced which shows the conductivity,
do/dt and dQ/dt for the PC0.35w/b mix with two different calcium sulphate additions
(0.5% and 2%). With regard to the dQ/dt response, the main hydration peak in the case
of the pure PC0.35w/b cement paste, is composed of two thermal activities, the first could
be distinguished from the slope changing feature at ~8.5hrs and the second is centred
around ~9.5hrs. As the CaS0, addition increases to 0.5%, a second peak in the dQ/dt is
evident. By increasing the CaSO0, to 2%, the second peak is not observed within the 24hr
monitoring period presented in Figure 5.17(c).

With regard to the electrical response during this stage, as the CaS0, in the mix increases,
the peak in the do/dt response is delayed. By comparing the pure PC0.35w/b and the
PC0.35w/b+0.5% CaSO0, in which the difference between the peaks Al and A2 records
a value of 1hr, which is comparable to the delay observed in the dQ/dt response. With
regard to the 2% CaS0, mix, the peak in the do/dt is not present and the response displays
a continuous increasing trend after the ‘P’ point until 15hrs at which time do/dt attains an
almost constant value. Due to the clear influence of the different CaS0, additions, this
stage could be related to the renewed reactivity of the aluminate phase as a controlling
process (Minard et al., 2007).

Effect of CaSO, addition on the early hydration reaction response

From Figure 5.17 it is evident increasing the CaSO, percentage influences the
conductivity response. With regard to the conductivity during Stages | and 11, it is clear
that the values increase as the CaS0, percentage increases; with reference to Table 5.3,
increasing the CaS0, content to 2% results in an increase in peak conductivity by ~5%
(due to increased ionic concentration in the aqueous phase) and the earlier occurrence of
this peak. Very dilute solutions of C3S plus gypsum (Ménétrier et al., 1980) have been
shown to give a similar response. It is also noticeable from Figure 5.17 that the ‘P’ point
appears earlier in the more sulphated mixes. For example, in the PC0.35w/b+0.5%, this
point occurs at ~4.6hrs compared to ~4.9hrs for the pure cement paste. With regard to the
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effect of CaS0, additions on dQ/dt, as the CaS0, percentage increases, the heat emission
rate during both the induction period and the acceleration period increases. The minimum
dQ/dt recorded during the induction period for the PC0.35w/b was 1.14 (J/h.gm) and for
the PCO0.35w/b+2% CaS0, was 1.92 (J/h.gm). In terms of the silicate acceleration peak
for the pure cement paste, this peak recorded a value of ~8.94 (J/h.gm), however, for 2%

CaS0, this peak had a value of ~10.5 (J/h.gm).

From the discussion above, the addition of the CaS0, has an acceleration effect on the
dissolution stage as well as the acceleration stage. This addition increases the Ca?* in the
solution thereby increasing the conductivity. As a consequence, this process accelerates
the silicate phase reactivity process due to the early precipitation of the CH (Ménétrier et
al., 1980). With regard to the effect of CaS0, during the acceleration stage on the dQ/dt
response, this could be attributed to the interaction between the CaS0, and the aluminium
ions produced from the alite phase dissolution which has a retarding effect on the alite
hydration. Therefore, as a result the addition of CaS0,, the aluminium ions react to form
ettringite which could also act as a possible nucleation site for the new formed C-S-H,
hence accelerating the hydration process (Taylor, 1997; Quennoz and Scrivener, 2013).
The acceleration effect of the CaS0, is also noticed and reflected in the early appearance
of the P point in do/dt for the higher sulphated mixes in comparison to the pure cement

pastes.

Stage VI

This Stage starts at ~15hrs at which time the conductivity continues its decreasing trend
with do/dt approaching zero; dQ/dt also continues its decreasing trend. It could be implied
that the beginning of Stage VI is related to the transition step of the hydration process
from the growth controlled process during Stage 1V, in which do/dt shows a continuous
increasing trend, to a diffusion controlled process, whereby do/dt attains a value
approaching zero.

5.3.2 Permittivity of Cement pastes
It is considered appropriate to assess the behaviour of both the conductivity and
permittivity in terms of their absolute values in the frequency domain as this is useful in

detecting regions of relaxation/dispersion.

143



Figure 5.18 presents the conductivity and permittivity for the three w/b cement pastes. It
Is evident that both parameters display dispersion as the measuring frequency increases.
Regarding the permittivity, its behaviour could be summarised in the following 3 regions
(see Figures 5.18(a), (c) and (e)):

(1) Low frequency region ( ~1Hz—100Hz)

In this region, the permittivity values attain high values which depend on the sample age
as well as the wi/b ratio. It is evident that the frequency range over which this plateau

region persists reduces as the w/b decreases and the age of the samples increases.
(i)  Medium frequency region ( ~100Hz-100kHz)

In this region, a major relaxation takes place; however, as hydration proceeds, the upper
limit of this frequency range reduces. This feature is particularly noticeable at w/b = 0.30

and 0.35 where the upper limit is reduced to 100kHz.
(iii) High frequency region ( ~100kHz-10MHz)

After the region of relaxation noted above, the response attains another ‘plateau’ region
in which the permittivity values do not show significant changes with increasing
frequency. As the age of the samples increase, this plateau region becomes more defined;
for example, at 20hrs (Figure 5.18) this plateau area extends over the range 100kHz-
10MHz. The w/b for the samples also influences the frequency range at which this
relatively high-frequency plateau permittivity region takes place. The high-frequency

plateau region progresses to higher frequencies as the w/b in the mixes increases.

The effect of age, and w/b ratio on the permittivity over the three regions noted above
(Low frequency, high permittivity region; mid-frequency, rapid relaxation region; high-
frequency, plateau region) are illustrated in Tables 5.4 —5.6. In these Tables it is apparent
that for all the mixes, the permittivity shows an increase as the w/b ratio of the sample
increases. Also, by considering the age effect, it is clear that the permittivity for the three
regions decreases as the age of the sample increases. In terms of the frequency effect on
the conductivity response at the same ages which have been used for the permittivity
response (Figures 5.18(b), (d) and (f)), the following can be observed:

(i) Low frequency region ( ~1Hz-100Hz)

The conductivity in this region has low values and is attributed to the effect of electrode

polarization process at lower frequencies.
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(i) Medium frequency region ( ~100Hz-100kHz)

It is interesting to note that as the permittivity shows a rapid decrease over this frequency
range, the conductivity values show a progressive increase. This gives a strong indication
of the existence of a region of dispersion over this intermediate frequency range, as the

polarizability of the paste decreases with increasing frequency.
(iii) High frequency region ( ~100kHz-10MHz)

Following the rapid increasing period in the conductivity, a plateau-like conductivity
region develops in this range and similar to the permittivity in this respect.

Origins of Polarization

In order to investigate the low frequency region with regard to the existence of additional
relaxation processes, other immittances responses could be used for this purpose (Sinclair
and West, 1989; McCarter et al., 1999). In this case, the frequency response for the
dielectric loss (¢") which is calculated according to (4.7), is presented in Figures 5.19(a)
— (c). By considering the samples at 15mins for the three different mixes in Figure 5.19,
the dielectric loss in the low-frequency range attains high values in comparison to values
in the MHz frequency range which are lower by three orders of magnitude. It is interesting
to note that during the decreasing trend for the dielectric loss with increasing frequency,
a noticeable change in the slope takes place between 100Hz-1kHz depending on the w/b
ratio. This change in the slope transforms through time to reveal a well-defined peak as
Is evident at the age of 10hrs and 20hrs in Figures 5.19(a) — (c). From Figure 5.19, it is
also observed that as the age of the samples increases, the frequency at which this peak

occurs (i.e. the characteristic frequency) reduces through time to lower values.

Considering the characteristic frequencies presented for both the dielectric loss
(Figures 5.19(a) — (c)) and conductivity dispersion (Figure 5.18(b), (d) and (f)), it is
evident that they are comparable. This would suggest that the electrode polarization
processes are operative and contributing to the main region of dispersion in conductivity.
Although only frequencies >1Hz were used in the investigation, to account for the
dielectric loss, electrode processes must exist at frequencies < 1Hz due to the high value
obtained for the dielectric loss at frequencies below the characteristic frequencies. The
conductivity dispersion curves in Figures 5.18(a), (d) and (f) show that at frequencies
> ~10kHz (15 mins), ~1.0kHz (10hrs) and ~100Hz (20hrs) the conductivity increases

145



only gradually with increasing frequency and is attributed to relaxation of bulk (cement

paste) polarization processes.

Proposed model for electrode (low-frequency) response

To account for electrode processes, the equivalent electrical circuit (EEC) is presented in
Figure 5.20 and comprises two, series connected parallel circuit elements: R,, and C,,
represent the response from the passive oxide layer on the electrode surface; R.; and
CPEp; representing the contribution from electrode polarization processes at the
electrode/sample interface. For illustrative purposes Figure 5.21(a) presents a typical
Nyquist plot for cement paste (PC 0.3w/b). The best fit parameters for all mixes are
presented in Table 5.7 for the electrode response. Figure 5.21(b) presents the simulated
(electrode) response. The & and g, simulated from these data are presented in
Figures 5.22(a) — (c).

Considering the R,,/C,, circuit, C,, values are in the range of 10~>F and R,, records
high values which clearly depend on the age of the sample. At early ages (15 mins) it
attains values in the range of 10*ohms and increases to of 10°ohms at 20hrs. With regard
to R../CPEp, circuit, R, records values in the range of 1030hm and CPEj, records
values in the range of 10~* (Fs®~1). These values for the CPE,, would give an average
value of 1.35x10~* F for the equivalent capacitance Ceq (Hsu and Mansfeld, 2001) as
shown in Table 5.7. The capacitance values for the R,,/C,, and the R../CPEp, circuits
are relatively large and cannot be attributed for bulk phenomena (Song et al., 2000) and,
in accordance with Table 5.8, these two values are in the range of the electrode/sample
interfaces and oxide layer zone (Yilmaz et al., 1992; Scrivener and Young, 1997; Ford et
al., 1998; Andrade et al., 2001; Olsson and Landolt, 2003; Abreu et al., 2004; Priyantha
et al., 2004).

Correction of the measured data for electrode polarization effects:

After assigning the different features which appear on the system dielectric response to
their possible origins, the bulk material response can be assessed in the frequency range
between 100kHz-1MHz. In this frequency range, bulk polarization processes start to
emerge and dominate over electrode effects. Residual effects of electrode processes in
this frequency range is also expected to influence the bulk permittivity (Umino et al.,
2002); however the detection of the bulk polarization process(es) will depend on their

intensity so as not to be masked by the residual electrode polarization.
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For the electrode correction, the total impedance is modeled by an EEC which assumes
that the apparent impedance response is composed of three, in-series contributing circuits,
which are: the electrode impedance, bulk impedance and lead inductive effect as shown

in equation (5.4).

Zmeasured = Zleads + ZBulk + ZElectrodes (5-4)

With regard to the bulk response, it was successfully fitted by an EEC comprising two,
series electrical circuits which are Ry ||CPE; and R,||Cs,. To account for the residual
inductive effect imposed by the connecting leads, an inductive element has been
introduced in series with the electrode impedance processes and the sample impedance
for this purpose. The complete EEC proposed for the purpose of the electrode correction
is shown in Figure 5.23. Figures 5.24(a) — (c) show the fitting of the proposed EEC for
the PC0.30w/b cement paste at different ages. The best fitting parameters which are
obtained from Figure 5.24 are presented in Table 5.9. By considering the in-series
connection for both the electrodes impedance processes and the leads inductive effect,
this allows these undesirable effects to be deducted from the measured impedance to

eventually extract the electrical behavior of the sample.

Figures 5.5—5.7 have been reproduced in Figure 5.25 to show the normalized permittivity
(ey) after correction through time at selected frequencies which are 100kHz, 200kHz,
500kHz and 1MHz and all located in the frequency range at which the bulk response
dominates. The most striking feature from Figure 5.25 is the pronounced peak in &y which
is recorded for the corrected 100kHz and 200kHz between 5hrs-10hrs in comparison to
the relatively weak peak which appears at the uncorrected &y response. This indicates that
by correcting the measured &y data with regard to the electrodes processes, other bulk
polarization processes reveal themselves due to the decrease in the masking effect of the

electrode processes.

Bulk Permittivity response through early hydration period

Considering Figure 5.25, the response of gy is frequency dependent, therefore different
frequencies would highlight different polarization processes. In Figure 5.26 several
salient points have been identified on the &y response denoted A, B, C, D, and F,

accordingly, the gy response through time has been divided in to the following periods:
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The period Ato B

Over this period, and with regard to the gy response at 100kHz, two distinguishable trends

are detected which are:

(@) At the beginning of the measurement the corrected &y response displays values which

are decreasing rapidly through time; and,

(b) After this decreasing period, a plateau-like feature appears in the response.

Considering (a) above, this behaviour could be attributed to four possible causes which

are:

(i) The continuous reduction in the residual EP effect, resulting in a continuous decrease

|n EN-

(if) The gradual decrease in the rate of dissolution of the cement particles which has been
shown to take place during this early hydration period.

(iii) The coagulation of different cement particles due to active electrostatic forces in the

mix, which reduces the polarizability of cement grains surfaces.

(iv) The coverage of cement particles by early formed hydration product which decreases
the polarizability of the cement grains.

With regard to (ii) the trend in &y during this period is similar to the trend in do/dt during
the same time, therefore the same chemical and physical processes which have been
attributed to the conductivity during this period, would also be responsible for the &y
response (Lasaga and Luttge, 2001; Gallucci et al., 2010; Nicoleau and Bertolim, 2015).
However, this rapid dissolution process gradually reduces as the liquid phase
concentration in the mixes increases. This affects gy by introducing a decrease in the
dissolution of ions from the surface of the cement grains which in turn, renders the surface
of the cement grains less polarizable through time, and this would contribute in the
continuous decrease in gy through this period.

Regarding (b) above, during this plateau-like feature prior to reaching point B, this could
be related to the low dissolution period which takes place on the cement particles after
the rapid dissolution period. Due to the slight increase in &y during this period, the effect
of the increase in ionic concentration is evident, as during this short period an increase in

Ca *2 and the OH~? concentration in the solution is taking place. With regard to the high
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frequency gy response during this early time period, it is clear that the 1MHz &y response
displays a conductivity-like behaviour, which is related to the chemistry of the liquid
phase during this stage rather than the topochemical processes which take place on the
surfaces of the cement particles.

The period between B to D

Regarding the 100kHz response, a short-lived decrease in gy is evident at point C, which
is similar to the decrease in the conductivity at the same time and attributed to the
precipitation of the CH from the aqueous phase which decreases the polarizability of the
mix due to the accompanied decrease in the conductivity. With regard to the 1IMHz
response at point C, a sharp decrease is also noticed after the peak in &y which, in turn,
represents the maximum supersaturation point for the solution with respect to CH before
its rapid precipitation.

After the decrease at point C in the 100kHz response, a short-lived increase in &y takes
place before a slow, decreasing period to point D, this decreasing period is more evident
at 1IMHz. The period between point C-D, nucleation of C-S-H from the aqueous phase is
expected to take place, hence a decreasing ionic concentration in the liquid phase. This

introduces the gradual decreasing trend in gy due to the decrease in the mix polarizability.

The period between D to E

During this period, there is a noticeable rapid increase in &y at 100kHz starting from point
D and peaking at point E. This indicates an increase in the polarizability of the paste and
the polarization process contributing at 100kHz ceases to contribute at 1MHz. Several
observations could be noticed when comparing the time at which this increasing period
takes place, with the behaviour of the conductivity and the dQ/dt during the same time

period:

(i) The increasing trend of &y at 100kHz during this stage is in contrast to both do/dt and
conductivity during the same period, as the latter shows a continuous decreasing

trend.

(if) The increasing period in &gy at 100kHz takes place within the acceleratory period in
the dQ/dt response; however, gy peaks before the maximum heat emission point is

reached in dQ/dt response.
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(iii) A time lag is evident between the start of the acceleratory period in dQ/dt and the
beginning of the increase in the &y response at period D. For the PC 0.30w/b and the

PC0.35w/b this time lag is of ~2.5hrs; however, for the PC0.45w/b it is ~4 hrs.

From these three observations, it could be concluded that the rapid increase in & at
100kHz cannot be entirely attributed with variations in the liquid phase chemistry at this
stage. On the other hand, both the increase in dQ/dt and the 100kHz &y response is an
indication of a potential relation between the physical/chemical processes which
influence heat output and polarization. It is postulated that the increase in &y at 100kHz
is related to the increase in surface area of the cement particles due to growth of more
crystalline C-S-H. The increase in the surface area would enhance the polarizability of
the paste through double—layer process on the newly formed C-S-H. This polarization
process is only operative up to ~500kHz as at frequencies >500kHz the increasing trend

in &y is not detected over this period.

Figure 5.27 shows ESEM images in the secondary electron detection mode for the
PC0.35w/b paste at 11mins, 2hrs, and 5.5hrs after mixing which are the times at points
A, Cand P in Figure 5.26. Itis evident that at 11mins ( Figure 5.27(a) and (b)), the cement
particle surface is almost clear apart from some diffused debris and small clusters of
hydration products as shown by the dotted circle. At the same time, the cement particle
edge displays a ‘corroding’ behaviour which reflects the rapid dissolution process at this
early age. At the age of 2hrs (point C in Figure 5.26), some clusters of hydration products
appear to be distributed randomly on the surface of the cement particles which were
defined as the early heterogeneous nucleation of C-S-H (Bazzoni, 2014), although most
of the grain surface is still clearly visible. At ~5.5hrs, (P point in Figure 5.26), it is
noticeable that the randomly distributed C-S-H hydration products, which were
distinguished at early hydration ages, have developed to cover most of the cement grains
showing a ‘carpet like’ behaviour (see Figures 5.27(c) and (d)). It is also worth noting
that point P takes place later than point D by almost 1.5hrs at which time the &y response

starts its rapid increasing trend (see Figure 5.26).
From these ESEM observations, it could be postulated that, due to the increase in the

surface area of the cement particles by C-S-H products, the &y response displays an

increasing trend at point D (see Figure 5.26).
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The period between E to 24hrs

During this period, the main feature of the &y response is the continuous decrease through
time, and is observed in both the high frequency, (1MHz), and low-frequency (100kHz).
The most distinguishable feature during this continuous decreasing trend, is the change
in the slope which occurs at point F. As is evident from Figure 5.26, this feature at point
F coincides with the time at which the renewed reactivity of the aluminate phase
influences the do/dt response, and this could also be supported by Figure 5.28 and
Figure 5.29. From Figure 5.28 it is clear that as the gypsum percentage in the mixes
increases, point F is delayed by ~2hrs. An interesting feature which is discernible when
comparing the pastes with and without additional gypsum, is that point E appears earlier
in the gy response as the gypsum content increases; for example, the PC0.35w/b + 0.5%
gypsum, point E peaks and starts to decrease appears at the age of 5.40hrs; for the
PC0.35w/b +2% gypsum, this point appears at the age of ~4hrs. in the pure PC0.35w/b
this occurs at ~6.30hrs for the pure PC0.35w/b. This also supports the calorimeter results
in Figure 5.17(c) which shows an enhancement in the heat emission rate at the peak point
of dQ/dt as well as an earlier presence for this peak when the gypsum addition in the
mixes increases. During this period, the C-S-H hydration products show a dense fibrillar
network which covers the cement particles and, as can be seen from Figure 5.30 the
C-S-H hydration products are forming on the surface of a massive CH crystal in which

the C-S-H exhibits a connected network structure.

5.3.3 Conductivity of GGBS pastes

The early electrical response for the replaced mixes is similar in many aspects to the
response of the pure Portland cement pastes as shown in Figure 5.31. However, some
minor differences could be noticed in the replaced mixes when compared with the pure

pastes which are:

(i) There is a delay in the appearance of most of the stages in the electrical conductivity
as the amount of GGBS increases. In addition, due to the low reactivity of the GGBS,
it is noticeable that the conductivity values during early hydration decrease as the

replacement percentage in the mixes increases. (See Figure 5.3(a)).

(i) The maximum value of dQ/dt (Figure 5.31) decreases as the replacement percentage

in the mixes increase: for example, the 35% GGBS 0.35w/b mix has a peak value in
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the range of ~7.5 J/gm.h, however, for the 65%GGBS 0.35w/b this peak has a value
of 4.25 J/gm.h.

(iii) A feature which is evident on the dQ/dt response, is the ‘widening’ of the dQ/dt peak
through time in the high replaced mixes (50% and 65%), when compared with the
35% GGBS mix and the pure pastes.

(iv) The ‘widening’ feature on the dQ/dt response at this stage is also reflected on the

do/dt aluminate phase reactivity peak in the replaced mixes.

(v) The induction plateau period in the do/dt (Stage Il in Figure 5.31(a)) which takes
place before the rapid CH precipitation, is more pronounced in the case of the 50%
and the 65% GGBS mixes, the same occurs for the point after the precipitation point
of the CH which is denoted as S in Figure 5.31(a).

All these features from both do/dt and the heat emission response, could be attributed to
a ‘dilution effect’ in which the GGBS acts as an inert filler at this early stage (Mostafa
and Brown, 2005). With regard to Stage II and point ‘S’ in the do/dt response
(Figure 5.31), as has been discussed before the duration of Stage Il depends on the
concentration of CH in the mixes. It is expected, thereby that as the source of the Ca?*
and the OH™ ions in the solution decrease, this period will extend and the solubility of
the CH will be reached much later. On the other hand, the ‘S’ point, depends also on the
ionic concentration in the mix, particularly the silicate ions (see Figure 5.13) in order to
enable the rapid nucleation as well as the growth of stable C-S-H. As a consequence, due
to the high replacement level in the mixes (50% and 65%) a lower nucleation rate takes
place when compared with the pure cement-paste and the low-replaced mixes. Due to the
lower ionic concentration in the pore solution, the period after the ‘S’ point is much more

pronounced in the replaced mixes.

5.3.4 Permittivity of GGBS pastes

With regard to the permittivity in Figure 5.32, this could be considered similar to the pure
cement pastes; however, in the GGBS mixes (100kHz and 200kHz) the plateau area,
which has been denoted by the letter F in Figure 5.26 starts to merge with peak E,
indicating the aluminate phase reactivity is accelerated due to the GGBS addition, as has
been presented in other studies (Gutteridge and Dalziel, 1990a; Gutteridge and Dalziel,
1990b; Gallucci et al., 2010).

152



By considering Figure 5.33, gy for the GGBS pure cement paste during the initial 100hrs
after mixing, it is evident that the replaced mixes, in particular the LMHz response for the
50% and the 65% mixes, displays an additional gradual increase in polarization which is
denoted by the letter M at ~30hrs. This increase in polarization of the paste becomes more

pronounced as the replacement percentage increases.

Considering Figure 5.34, which shows the conductivity through the initial 200hrs for the
65%GGBS mix and pure cement paste, it is evident that the M polarization feature for the
65%GGBS does not appear on the conductivity. Interestingly, thermal activity on the
dQ/dt response could be detected at the same age at which the M feature takes place on
the LMHz &y response for the 65%GGBS paste. For the pure cement paste in Figure 5.34,
the same trend observed on the 65%GGBS paste is observed at 1MHz for the PC0.35w/b
in Figure 5.33(a). The M polarization feature is more clearly observed in the permittivity
response than its dQ/dt response. This polarization feature, (denoted by M) and the effect
of both the addition of GGBS and gypsum on this feature as well as its late (weak) thermal
response, is a result of the transformation of ettringite to monosulphoaluminate (Odler,
1998; Hesse et al., 2011; Berodier, 2015). The infilling effect plays a significant role in
accentuating this late polarization feature, and the GGBS mixes show this more clearly
in comparison to the pure pastes. In the case of the gypsum added mixes, and due to the
availability of S0,% ions, the rapid reaction of the C;A after the silicate reaction is
hampered; however, a gradual depletion of SO,*~ions from the mix takes place due to the
infilling effect which the undissolved gypsum particles provide. This promotes the
transformation of AFt to AFm, therefore the F polarization feature, which is related to the
renewed reactivity of the C;A, disappears in contrast to the M polarization feature which

is related to the transformation of AFt to AFm and is still detectable (see Figure 5.29).

5.3.5 Electrical response of Fly-ash pastes

With regard to the response of the fly-ash replaced mixes Figure 5.35(a) shows both the
conductivity and calorimeter response for the same mix, and Figure 5.35(b) shows &y at
100kHz, 200kHz, 500kHz and 1MHz for a 35%FA 0.35w/b cement paste. It is clear that
replacing the cement by 35%FA does not affect the electrical response significantly, as
all the features which have been identified on the conductivity for the pure cement pastes,
as well as on &y, can be identified in the 35%FA replaced paste.

Therefore, from these observations with regard the effect of the different SCMs on the
electrical response and on the early hydration of cement pastes, it could be deduced that
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the SCMs act as a filler to the cement pastes which affects the reactivity of the C;A in the
mixes due to the increase in the nucleation sites provided by the filling materials.
However, during this early hydration stage, there is no evidence that the reactivity on the
SCMs is initiated during this period.

5.3.6 Equivalent electrical circuit for cementitious pastes

In this section, an equivalent electrical circuit (EEC) is proposed to account for the
material response during the early hydration period. This electrical circuit is developed
from the knowledge obtained in the previous sections regarding the hydrating system, in
addition to the electrochemical processes which are expected to take place during this
period. The contributions to the overall electrical response, can be divided to two main
processes which are:

(a) measuring system related electrical processes; and,
(b) bulk material related processes.

With regard to (a), this has been discussed previously and an electrical circuit proposed
to account for both the lead inductive effect and the electrode effect (see Figure 5.23). On
the other hand, the bulk material could be perceived as a combination of the liquid phase
response and the response from the dispersed solid particles. Through the hydration
reaction, the liquid phase ionic concentration fluctuates and the effect of the pore structure

on the conductivity of the liquid phase is evident after the setting process.

With regard to the dispersed cement particles at different stages, they are expected to
exhibit different electrical properties which will be linked to the hydration stages. For
example, an interfacial polarization process would be expected to take place on the
surface of the cement particles which will be influenced by the surrounding electrolyte
concentration, changes in the surface area of the particles, and increase in the rigidity of
the paste.

To this end, the following electrical paths have been proposed to represent the electrical
response of the bulk material during the early hydration period (see Figure 5.36):

(i) A resistive path, R, in parallel with a capacitive path which represents the continuous

connected liquid phase conduction and capacitive responses. A constant phase
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element, CPE,, has been used instead of an ideal capacitor to account for the

distribution of the relaxation processes in the connected pores;

(if) A resistive element, R,, in series with an ideal capacitive element,C,, which

represents, respectively, the dispersed particles surface resistance and capacitance.

A similar equivalent electrical circuit has been used to model, for example, the response
of human red blood cells suspended in a phosphate buffered saline solution (Morgan et
al., 2006; Sun et al., 2007; Sun et al., 2010), the only difference being that a pure capacitor

was used to study the electrolyte capacitive response rather than a CPE.

For illustrative purposes, Figure 5.37 presents the Nyquist plots for the cement pastes
9hrs after mixing. The fitting parameters for the plots in Figure 5.37 based on the EEC
shown in Figure 5.36 are presented in Table 5.10. However, the same fitting procedure
was undertaken at each time interval (~4.5min) over the 24hr monitoring period. The
variation in the fitting parameters is presented in Figure 5.38 and Figure 5.39 for the pure

cement paste and the GGBS pastes, respectively.

Circuit parameter: (G,)

By considering G, (1/R,), a conductivity—like trend is observed, as all the salient points
which are detected in the conductivity response can also be detected in the G, response,
such as the early-age peak which was related to the super saturation limit of the CH and
the late-age change in slope which was related to the renewed aluminate phase reactivity
(Figure 5.38 (a)). This fact proves that G, represents changes in the liquid phase as well
as in the connected pore network. With regard to the effect of the w/b on G, parameter, it

is clear that the higher the w/b in the mix, the higher G, (see Figure 5.38(a)).

Circuit parameter: CPE, / G,/ C,

The stages which are used to explain these parameters, are based on the salient points
identified on Figure 5.40(a) and (b).

The period A-C

With regard to the G, and the C,, for the pastes, these electrical parameters display a
similar trend through time (see Figure 5.40(a)), as at early ages (the period between point

A-B in Figure 5.40(a)), a rapid decreasing trend is evident on these both parameters.
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Values for both the G, and the C,,decrease at this stage are due to three different possible

reasons:

(i) The decrease in the particle dissolution process. It should be noticed that at this very
early age (the period between point A-C in Figure 5.40 (a)), both the G, and the C,
mimic the do/dt response, as the latter is related to the dissolution rate of the cement

particles at this stage.
(i) The coverage of early hydration products for the cement particles surfaces.

(iii) The coagulation process between the different cement particles which decreases
both the polarizability as well as the conductivity of the cement particles surfaces

by covering the active dissolving area.

After point B, a rapid decrease in particle conductance takes place at point C due to the
precipitation of the CH from the solution. This affects G, due to the decrease in the ionic
concentration in the vicinity of the cement; this also is reflected in C,, as it is also affected

by the conductivity of the solution surrounding the particles.

With regard to the CPE. parameter during this stage, C,. does not show a noticeable
change through time (see Figure 5.38(b), Figure 5.39(b) and Figure 5.40(b)). On the other
hand, and with regard to the exponent, p,., this parameter attains values >0.95, which
shows an overall ideal capacitive behaviour for the connected pores with little distribution
for the CPE, parameter. This would suggest that the sample at this stage is acting as a
liquid electrolyte rather than a solid porous material, therefore an almost ideal capacitive

behaviour is displayed.

The period between C-F

After the decrease at point C in Figure 5.40(a) in both G, and C,, a short-lived increase
in G, takes place. This small increase in the G, could be explained in terms of the
beginning of the acceleration period in the pastes as it appears simultaneously with the
initiation of the acceleration stage on the dQ/dt response. After a nucleation period which
extends from point C-D, there is a rapid growth on the surface of the particles which starts
at point D. The hydration acceleration period will increase the ionic concentration in the
vicinity of the particles, hence initiating the growth process on the particle surfaces and

increasing their surface area. This is reflected as a rapid increase in both G,, and C,,.
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At the same time at which point D occurs, and with regard to the C,, parameter, this starts
to increase in the case of the pure pastes, which continues until the end of the monitoring
period. With regard to the ‘p,’ parameter for all the mixes, it starts a decreasing trend at
point D, which indicates a distribution of polarization processes takes place at this time.
Both C,. and the p, parameter through this stage indicate the formation of a well-defined
pore structure, as the increase in C,, indicates the increase in the connected pore surface
area and the decrease in p, indicates the transformation from the liquid state (in which p,,

shows high values) to a solid matrix whereby p,is decreasing with time.

During this acceleration period, in which both the G,, and the C,, reach a maximum, the
aluminate phase reactivity also could be observed on both the C,, and the G,, responses at
point F, although this is more pronounced in the G,, response. With regard to the replaced
mixes in Figure 5.39, both the silicate and the aluminate phase reactivity merge and
manifest themselves as one peak due to the infilling effect. The C,, response during this
stage continues its increasing trend, and the aluminate reactivity manifests itself as a
change in the slope as is evident in Figure 5.40(b). This renewed reactivity of the
aluminate phase on the C,, response also diminishes as the replacement percentage in the

mixes increases.

The period between F-M

For the pure cement pastes, the C,, continues in its increasing trend until it peaks at point
M in Figure 5.40(b) at which the continuous decreasing in the size of the connected pores
due to the growth process, overcomes both the increasing effect due to the surface area
of the connected pores as well as the increasing effect due to the AFt/AFm transformation.
C,e, peaks for all the cement pastes within the monitoring period (24hrs) at point M. On
the other hand, for the GGBS mixes the increasing trend extends beyond the initial (24hrs)
which indicates the slow reduction in porosity in the replaced mixes due to the slow
reactivity of the SCMs.

With regard to the effect of w/b for both C,,. and p,, both these parameters increase with
increasing w/b. Through the acceleration peak and thereafter, the higher w/b, the higher
C, values obtained, as could be noticed at the age of 24 hours for the pure cement pastes
in Figure 5.38(e). The G, electrical parameter also shows an increase in its value as the

w/b increases in the mixes after the growth peak.
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With regard to the replacement percentage effect on both C,, and the G, (see Figures 5.39
(d) and (e)), a clear decreasing trend is evident for both these parameters as the
replacement percentage in the mixes increases. This is particularly the case at early ages
as the 35%GGBS 0.35w/b records the highest value for both parameters in comparison
to the other mixes. At later ages, a cross-over takes place as at the age of 25hrs the higher
the replacement level, the higher the G, value due to the high conductivity of these mixes
after setting. With regard to C,,, as the replacement percentage increases, this parameter
shows a decrease in its value, especially >10hrs. This could be attributed to the poorly
developed pore structure for the replaced mixes at this age which produces less

solid/liquid interfaces.

It should be emphasised that the electrical model accounts for the total dispersed particles
in the mix, and is not selective towards the effect of the GGBS alone or the cement phase
alone. However, due to our knowledge with regard to the early reactivity of the cement
particles in comparison to the GGBS, the response of the G,, and the C,, could be attributed
primarily for the cement particles, however this will not eliminate the fact that nucleation
and growth processes are also taking place on the surface of the inert particles in the mix

(GGBS), which could contribute to the observed electrical response for C,,.

Fly ash equivalent electrical circuit

Figure 5.41 shows the Nyquist plot for the 35%FA0.35w/b, and 65%FA 0.35w/b samples
at the age of 2hrs after mixing with water. For comparison, the PC0.35w/b at this time is
also plotted. Three main observations are evident when fly ash is introduced into the

mixes, which are:

a) By increasing the fly-ash replacement level, the impedance of the samples increases
as the complex plot gets progressively displaced to the right. This is due to a dilution
effect of the fly-ash and also acting as an inert filler.

b) A very noticeable plateau region develops in the Nyquist plot between the electrode
polarization spur on the right-hand side and the bulk arc on the left hand-side. The
prominence of this plateau region, which is denoted by the letter ‘V’ in Figure 5.41,

is directly related to the quantity of the fly-ash in the mix.

¢) From Figure 5.42(a), it is evident that as the fly-ash content of the mixes increases,
an increase in the permittivity at the bulk frequency region is detected, particularly
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over the range 100kHz-1MHz (Figure 5.42(b)). The plateau, has been related to the
unburned carbon in the fly-ash material (McCarter et al., 1999; McCarter et al., 2004;
McCarter et al., 2009; Suryanto et al., 2017), and is attributed to the increase in the
surface area which the unburned carbon introduces in the mixes, thereby increasing

the permittivity of the bulk response.

Therefore, in order to model the apparent electrical response obtained from the fly-ash
mixes at this early hydration period, the dispersed unburned carbon in the mixes should
be considered as an additional dispersed phase. From this, the proposed EEC (Figure
5.43(a)) to account for the fly ash addition has been constructed from 4 conduction paths
in which two of them, C,/R, and R./CPE, represent the same physical meaning which
have been proposed for the pure cement pastes in Figure 5.36. Two additional parallel
paths C./R. and C¢/R¢ on Figure 5.43(a) have been assumed to be related to the electrical
processes on the surface of the unburned carbon, and the dispersed fly-ash in the mixes
respectively.

Table 5.11 and Table 5.12 present the best fit parameters for both the 35%FA0.35w/b and
the 65%FA 0.35w/b at different ages using the EEC shown in Figure 5.43 (a). Figure
5.43(b) shows the experimental data for the 65%FA 0.35w/b at different ages as well as
the best fitting curve by the use of the EEC shown at Figure 5.43(a) and the electrical

parameters values in Table 5.12.

It is interesting to note from the results shown at Table 5.11 and Table 5.12, that the
capacitances C¢, C, and Cr differ from each other by at least an order of magnitude, as
the C, is in the range of 10~ F, whereas the C; and the C, are in the range of 10~° F and
10710 F, respectively. This indicates that the electrical paths which these capacitances
represent, originate from different phases which are dispersed with in the material. With
regard to C,, this has values which are comparable to the value of the dispersed cement
particles presented in Table 5.10. Due to the relatively high capacitance for the C, this
could be related to double layer polarization processes on the surface of the unburned
carbon in the mix, therefore the Cr could be related to the spherical dispersed fly ash in
the mix.

Figure 5.44 shows the temporal response for the 35%FA 0.35w/b. The 65%FA 0.35w/b
paste is not discussed as this level of replacement is higher than would normally be
specified in concreting operation. From this figure, several observations could be
deduced, which are:
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a) As shown in Figure 5.44, despite the difference in the values between the C., C, and
Cr, all the mentioned capacitors display similar features through time which are
comparable to the C, response in the case of the pure cement paste. This would
suggest that the surface of both the unburned carbon as well as the fly-ash represents
a potential growth site for the different hydration products. This can be proved by
assessing the surface of the fly-ash at different hydration ages as shown in
Figure 5.45. It is clear that at the age of 5.5hours Figure 5.45(b) and (c), the surface
of the fly-ash is covered by hydration product therefore acting as a growth site.

b) With regard to the CPE, parameter which represents the polarizability of the
connected liquid phase, the C,, parameter with regard to the 35%FA0.35w/b shows a
continuous increasing trend with different slopes as in the case of the pure cement
pastes due to the formation of the connected pores surfaces as well as due to the

AFt/AFm transformation process.

c) The CPE, exponent, p., parameter for the 35%FA0.35w/b mix, shows a typical
cement paste behaviour, which shows high values at early ages which decrease
gradually as the rigidity of the mix increases.

d) With regard to the G, parameter, again, this parameter displays a conductivity-like

behaviour; as in the case of the pure cement pastes.

5.3.7 Concrete mixes early hydration electrical response

With regard to the bulk material related electrical parameters for concrete mixes, Figure
5.46 and Figure 5.47 show both the conductivity and the normalised permittivity
response, respectively, for different concrete mixes through the initial 24hrs after mixing.
From these Figures, both the conductivity and the permittivity response for concrete

mixes are, generally, similar to the response of their cement pastes counterparts.

Electrical conductivity (o)

In terms of the conductivity, it shows a similar trend as the cement paste, however the
values of the conductivity of the concrete are considerably less. This could be noticed by
comparing the values at the early peak for the concrete and the cement pastes which
recorded 0.23S/m and 1.7S/m, respectively. This decrease in the conductivity is due to
the inclusion of the aggregate and is explained in terms of the addition of resistive

particles with a conductivity of g;, to a highly conductive cement-paste with conductivity,
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o,.The bulk conductivity in this case could be expressed through the following simple

mixing law (Schwarz, 1962):

oo (0; + 20,) + 2V (0; — a,) (5.5)
“(0; + 20,) — 2V (0; — 0,) .

In which V is the volume fraction of the suspended resistive particles. By assuming a low-
conductivity aggregate, it is clear that as the volume fraction of the suspended particles
increases, the bulk conductivity of the suspension decreases. Therefore, the volume
fraction of the aggregate with respect to the total volume of the cement affects the

conductivity of the bulk material.

Normalised permittivity response (ey)

With regard to the normalised permittivity response €y, when it is compared with cement-
paste response, the concrete mixes demonstrate more pronounced features through time
in comparison to the conductivity-like behaviour which is displayed by the cement-pastes
response. This could be attributed to the relatively large electrical impedance of the
concrete mixes in comparison to the cement pastes, as in this case the electrodes
polarization masking effect decreases significantly in comparison to that of the cement
paste, therefore the bulk features appear more pronounced. With regard to the temporal

response for the €y parameter, the following points should be noted:

(i) As in the case of the corrected EP response for the cement pastes (see
Figure 5.25 (d)), the concrete mixes €y response shows an early age peak due to the

increase in the CH super saturation in the mix.

(ii) After the CH peak, a growth induction period is evident in the response of the concrete
mixes, similar to the case of the cement pastes. In this induction period, and prior the

acceleration period, nucleation processes are taking place.

(iii)After the growth induction period, a noticeable increase in the €y takes place, which
indicates the presence of the growth process on the surface of the dispersed particles

as shown in Figure 5.27 and Figure 5.30.

(iv) The aluminate phase reactivity also manifests itself as a peak in the 100kHz-500kHz
ey responses (Figure 5.47). The polarizability due to aluminate reactivity can easily
be distinguished from that due to growth polarization processes at lower replaced

mixes, in contrast to the higher replaced mixes.
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(v) Asthe measuring frequency increases, the double-layer polarization process resulting
from the C-S-H growth (Shrs) in the mixes relaxes, as the IMHz frequency displays
a continuous increasing trend through time which peaks at~15hrs for the pure Portland
cement concrete mix. However, for the high replaced mixes, it continues its increasing
trend. This increase in the 1MHz polarization processes is due to the increase in the
solid/liquid interfaces, as well as due to ettringite /monosulphoaluminate
transformation process which both increase interfacial polarization process in the

mixes.

5.3.8 Superplasticizers (SP) effect on the electrical response of concrete at the early
hydration stage

In this study, a commercial Polycarboxylate based (SP) was used, and Figures 5.48 —5.50

show the bulk electrical response for the pure Portland cement concrete, the 35%GGBS

and the 65%GGBS concrete mixes with and without SP addition. It could be noticed that

the addition of 1%SP to the mixes has a retarding effect on the hydration process during

the first 24hrs of the samples age and this could be noticed through the following

observations:

(@) By considering the time at which the early hydration peak takes place (which
represents the CH supersaturation level), the addition of 1% SP retards this
conductivity peak which is more noticeable in the case of the replaced mixes than the

pure cement concrete mixes.

(b) The SP retarding effect on the mixes could be observed on the late reactivity of the
aluminate phase which is represented by a change in the slope of the do/dt curve. This

feature is delayed to ~9hrs, in comparison to ~7.5hrs for the SP free concrete mixes.

(c) The SP mixes have a lower conductivity value at the CH peak when compared with

the SP free mixes.

(d) Regarding the €, response for the SP mixes, a noticeable retarding effect is detected,
and clearly observed by comparing the ages at which the increase in this electrical
parameter takes place due to the increase in the surface area of the dispersed particles.
As for the Portland cement concrete with SP, this increase takes place at the age of
~6hrs, which is delayed by almost 2hrs from the SP-free Portland cement concrete
mixes (see Figure 5.47). By considering the high replaced mixes as an example, the

growth period on &y is delayed to ~8hrs in comparison to ~6hrs in the SP-free mixes.

162



5.4 Summary:

In this chapter, both the conductivity and the permittivity responses for pure cement
pastes, cement pastes with added SCM’s, cement pastes with gypsum and concrete mixes,
have been discussed and explained through the first 24hrs. The conductivity during this
period, passes through six identifiable stages which have been explained in terms of the,
early rapid dissolution period, the induction period, the precipitation of CH, the initiation
of the nucleation and C-S-H growth process, the aluminate phase reactivity and the

diffusion controlled stage.

The permittivity was shown to be frequency dependent as it decreases with increasing
frequency. The electrode polarization process was shown to have a masking effect on
bulk polarization processes; as a result, the electrical response was corrected by an
equivalent electrical circuit to reveal polarization processes originating from the bulk
material. The bulk permittivity at 100kHz-500kHz has been shown to pass through
different distinguishable stages through the initial 24hrs which are as follows:

(@) A rapid decrease in this parameter takes place during the first 1-2hrs, and is attributed
to 4 possible reasons which are: the rapid decrease in the electrode polarization, the
rapid decrease in the cement dissolution process, the formation of early hydration
products on the cement grains and the coagulation process between the cement grains
due to the active electrostatic forces.

(b) A low reactivity period which extends between 2hrs-4hrs, which marks the start of
the acceleration stage on the calorimeter response as well as the precipitation of the

CH on the conductivity response.

(c) Arapid increase in the permittivity at the age of ~4hrs. This has been attributed to the

rapid growth process on the surface of the cement particles.

(d) At the age of 7-9hrs the permittivity has been shown to be affected by the renewed

activity of the aluminate phase by showing an increase in its value.

(e) Atages >20hrs, the permittivity response has been shown to be affected by the gradual

transformation of ettringite to monosulphoaluminate.

The permittivity at 1MHz displayed a conductivity-like behaviour through the initial
24hrs. The concrete mixes had a similar electrical response to the cement pastes, with
lower values in terms of the conductivity due to the inclusion of the aggregate. The

electrical response for the cement pates has been modelled by assuming an equivalent
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electrical circuit in which each electrical path has been assumed to represent a physical
meaning in the hydrating system.

The addition of super-plasticiser to concrete showed a delaying effect on all the stages
identified from the electrical response.
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Figure 5.1:(a) and (b) conductivity recorded at 100kHz, (c) conductivity

derivative, do/dt, and (d) temperature rise for different w/b cement

pastes through the first 24h from gauging.
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Figure 5.4: PC Relative permittivity at selected frequencies during the initial 24hrs for
cement pastes(a) 0.3w/b (b) 0.35w/b and (c) 0.45w/b. (legend in (a))
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Figure 5.5:Normalised permittivity for PC 0.3w/b paste response through time and
frequency (1Hz-1MHz) for the first 24hrs (a) 1-10Hz, (b) 10-100Hz, (c)
100Hz-1kHz, (d) 1kHz-10kHz, () 10kHz-100kHz and (f) 100kHz-1MHz.
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Figure 5.6: Normalised permittivity for PC 0.35w/b paste response through time and
frequency (1Hz-1MHz) for the first 24hrs (a) 1-10Hz, (b) 10-100Hz, (c)
100Hz-1kHz, (d) 1kHz-10kHz, (e) 10kHz-100kHz and (f) 100kHz-1MHz.
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Figure 5.7: Normalised permittivity for PC 0.45w/b paste response through time and
frequency (1Hz-1MHz) for the first 24hrs (a) 1-10Hz, (b) 10-100Hz, (c)
100Hz-1kHz, (d) 1kHz-10kHz, () 10kHz-100kHz and (f) 100kHz-1MHz.
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Figure 5.9: Normalised permittivity for 35%GGBS 0.35w/b paste response through time
and frequency (1Hz-1MHz) for the first 24hrs (a) 1-10Hz, (b) 10-100Hz, (c)
100Hz-1kHz, (d) 1kHz-10kHz, (e) 10kHz-100kHz and (f) 100kHz-1MHz.
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Figure 5.10: Normalised permittivity for 50%GGBS 0.35w/b paste response through
time and frequency (1Hz-1MHz) for the first 24hrs (a) 1-10Hz, (b) 10-
100Hz, (c) 100Hz-1kHz, (d) 1kHz-10kHz, (e) 10kHz-100kHz and (f)
100kHz-1MHz.

174



& Freg(Hz)

Figure 5.11: Normalised permittivity for 65%GGBS 0.35w/b paste response through
time and frequency (1Hz-1MHz) for the first 24hrs (a) 1-10Hz, (b) 10-
100Hz, (c) 100Hz-1kHz, (d) 1kHz-10kHz, (e) 10kHz-100kHz and (f)
100kHz-1MHz.
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Figure 5.18: Dispersion plots for permittivity and conductivity for PC 0.30w/b,
PC0.35w/b and PC 0.45 w/b at the ages of 15mins, 10hrs and 20hrs. The

characteristic frequency for conductivity dispersion is indicated.
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characteristic frequency are indicated in the figures.
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Figure 5.28: Normalised permittivity through the first 25hrs for the PC0.35w/b +0.5%
gypsum at different frequencies for (a): electrode uncorrected response and

(b): corrected response.
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Figure 5.29: Normalised permittivity through the first 25hrs for the PC0.35w/b +2%
gypsum at different frequencies for (a)EP uncorrected (b) corrected.
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Figure 5.30: ESEM images for PC0.35w/b at point E at the age of 8hrs.
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Figure 5.41: Nyquist plot for cement pastes, PCO0.35w/b, 35%FA0.35w/b and
65%FA0.35w/b at the age of 2hrs.
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65%GGBS and (d)35%FA concrete mixes at 0.45w/b.
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Figure 5.47: Normalised permittivity at 100kHz, 200kHz, 500kHz and 1MHz for, (a)
Portland cement (b) 35%GGBS, (¢)65%GGBS and (d) 35%FA concrete
mixes at 0.45w/b.

203



o (S/m)

dofdt (S/m.h)

0.25 2
— < Peodswh+1%sp | F D) AN
0.20 \ 7 R ‘v"v,
A
\ j /! %“% \v
0.15 4 v SN 8
h N pd y L%%u_ '\‘v
9, H “oo
\ £ o5 b4 J/ -
0.10 F éé’ v
oo PCO.45w/b
| v PCO4SWIb + 1%SP |-
Y 2
0.05 - v
‘“ﬁ v"",
M‘M J—
20 ¢
% 5 10 15 20 0 5 10 15 20
Time (hrs) Time (hrs)
0.002 36
o—— PCO5WID IMHz P

+— - PCO.45w/h + 1%SP 32b-(d)

O =
/
- /

0.001

-0.001

08 [N TN

y M

-0.002 0
0 15 20 0 5 10 15 20

3]
=
o

Time (hrs) Time (hrs)
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(Species) | zA; (cm?S/mol)
OH™ 198
K* 735
Na* 50.1
+2
Ca 59

Table 5.1: Product of the equivalent ionic conductivity ( 4;) and valance (z) for different

ions.
P point
) ) ) dQ/dt peak age dQ/dt Peak
Mix P point age (hrs) | Hydration degree )
(hrs) Hydration degree%
%
PC 0.30w/b 4.5 3% 9.30 16.78%
PC 0.35w/b 4.93 4% 9.43 15.23%
PC 0.45w/b 5.75 6% 10.05 17.69%

Table 5.2: Degree of hydration for the different w/b cement pastes mixes (0.30,0.35,0.45)

at the age of the P point and at the acceleration stage peak.

First conductivity ) o do/dt C;A
) First conductivity
Mix peak value reactivity peak
peak age (hrs)
(S/m) age (hrs)
PC 0.35w/b 1.71 1.66 8.32
PC0.35w/b+0.5% CaSo0, 1.76 151 9.61
PC0.35w/b+2% CaSo0, 1.80 1.49 --

Table 5.3: Effect of different CaSO, additions on the 0.35w/b cement paste with regard

to the early conductivity peak values and age, and the conductivity rate peak

age.

Mix 10Hz 100kHz 1MHz
PCO0.3 w/b 1.40x108 4.08x103 583.61
PC0.35w/b 8.42x107 5.98x103 630.68
PCO0.45w/b 8.70x107 9.27x103 974.26

Table 5.4: Relative permittivity values for the PC 0.3w/b, PC 0.35w/b and PC 0.45w/b at

different frequencies (15mins).
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Mix 10Hz 100kHz 1MHz
PC0.3 w/b 1.21x108 1.20x103 311.57
PCO0.35w/b 1.14x108 1.88x103 386.41
PCO0.45w/b 1.13x108 2.51x103 560.08

Table 5.5: Relative permittivity values for the PC 0.3w/b, PC 0.35w/b and PC 0.45w/b at
different frequencies (10hrs).

Mix 10Hz 100kHz 1MHz
PC0.3 w/b 8.00x107 456.54 228.74
PCO0.35w/b 9.18x107 564.79 281.45
PCO0.45w/b 1.08x108 884.83 389.70

Table 5.6: Relative permittivity values for the PC 0.3w/b, PC 0.35w/b and PC 0.45w/b at
different frequencies (20hrs).

Mies rge | Rul@ | Co® | Ra@ | 0| b | Cea®

15mins | 1.19Ex10* | 6.99x107> | 1.64x103 1.40x10~* 0.72 4.99x107°

PCO.30w/b 10hrs | 5.82x10* 4.21x1075 | 1.22x103 2.16x107* 0.70 1.10x10~*
20hrs | 1.10x10° 4.44x1075 | 3.30x103 2.15x107* 0.69 1.31x107*

15 mins | 2.41x10%* | 3.15x107% | 8.70x102 9.31x107° 0.72 4.08x107°

PCO.35w/b 10hrs | 4.46x10* 3.65x107> | 1.00x103 2.12x107* 0.70 1.73x10~*
20hrs | 1.28x10° 4.37x1075 | 3.20x103 2.24x107* 0.66 2.24x107*

15 mins | 2.03x10* | 4.37x107% | 1.54x103 1.34x107* 0.63 6.25x107°

PCO.45w/b 10hrs | 6.17x10* 3.48x107° | 1.17x103 2.19x107* 0.70 1.78x10~*
20hrs | 1.18x10° 3.65x107°> | 2.40x103 2.44x107* 0.68 2.44x10~*

Table 5.7: Best fit parameter for the electric circuit in Figure 5.20 for the PC 0.3w/b,
PC0.35w/b and PC0.45w/b at different ages.

Capacitance (F) Responsible Phenomenon
1012 Bulk
107-10* Sample /Electrodes interface/product layer
104 Electrochemical reactions

Table 5.8: Possible origins for different generated capacitance values adapted from
(Irvine et al., 1990; Ford et al., 1998)
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60¢

Age Rox (Q) Cox (F) R (Q) | CPEpy (Fs“71) PpL Rg1 (Q) | CPEgy (Fs*71) Ps1 Rsz (Q) Csz2 (F) L1(H)
15mins | 5.32x10'7 | 1.82x1075 | 154.9 8.53x107° 0.75015 | 27.55 2.53x10710 0.97796 | 0.24887 | 1.51x107° | 6.12x1078

10hrs 1.x102° 2.38x1075 849 2.19x107* 0.73938 | 61.94 7.05x10710 0.87968 | 0.97126 | 3.63x107® | 1.27x1077

20hrs 8.21x10%° | 2.73x107° 1015 707x10~* 0.54846 240 2.41x107° 0.77565 3.546 3.90x107° | 3.52x1077

Table 5.9:Best fitting parameters for the EEC in Figure 5.23 for the PC0.35w/b cement paste at of 15mins, 10hrs and 20hrs




Age
Mix | Re@) | Ry (@) Cp (F) Coe (FSP™Y) | pe
PCO0.30w/b 9 53.99 3373 8.24x10710 6.06x10~1° | 0.89
PCO0.35w/b 9 53.99 3373 8.24x10710 6.06x1071° | 0.89
PCO.45w/b 9 | 4139 | 3780 | 4.60x107° | 7.33x1071° | 0.89
35%GGBS0.35w/b 9 55.65 2860 1.57x10710 2.28x1071% | 0.94
50%GGBS0.35w/b 9 | 60.89 | 4531 | 8.91x107'° | 2.02x1071° | 0.94
65%GGBS0.35w/b 9 | 6956 | 4433 1.18x107° | 1.91x107'0 | 0.94

Table 5.10: Best fit parameters for the EEC at Figure 5.36 at 9 hrs for the pure paste mixes

and GGBS replaced mixes
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T1¢

: Age
Mix (hI’S) Re(Q) RC(Q) CC (F) Rf(Q‘) Cf (F) Coe(FSp_l) Pe RP(Q) CP(F)
2 31.87 | 1193 | 1.42x1078 | 1040 | 1.09x107° | 1.23x1071° | 997 | 841.7 | 1.07x10~1°
35%PFA
- 5 36.8 | 896.3 | 559x1078 | 1009 | 4.68x107° | 6.45x10°1° | 096 | 1107 | 3.70x10-1°
.OOW
9 | 5119 | 1371 | 3.16x1078 | 1281 | 3.38x107° | 4.80x107° | 0.92 | 1493 | 2.72x10-10
Table 5.11: Best fit parameters for the 35%FA cement paste of 2hrs, 5hrs and 9hrs
] Age
Mix (hrs) Re(Q) | Rc(Q) Cc (F) Re(Q) Cr (F) Coe(FSP™1) | pe | Rp(Q) Cp(F)
rs
2 44.08 | 907.2 | 5.09x107® | 899.9 | 5.37x107° | 4.37x107° | 079 | 970 5.00x10~10
65%PFA
0.35w/b 5 473 | 1059 | 3.94x1078 | 972.7 | 4.54x107° | 3.13x107° | 0.81 | 1021 | 4.45x10~1°
.OOW
9 55.78 | 1121 | 3.30x1078 | 997.1 | 4.32x107° | 2.04x10™° | 0.83 | 1135 | 4.01x10~1°

Table 5.12: Best fit parameters for the 65%FA cement paste at the ages of 2hrs, 5hrs and 9hrs




Chapter 6 — Electrical Properties of Cementitious Materials during

Long-term Hardening

In this chapter, the change in electrical properties through the hardening stage (up to 360
days), is presented and discussed within the context of reactivity of the different binders,
the development in the pore-structure and the durability of the concrete mixes. The
extended monitoring period highlights the influence of the SCMs on the electrical
parameters when compared to the pure PC concrete mixes. These SCMs can be related to
their efficiency in modifying the pore size distribution and the porosity of the mixes. Bulk
electrical measurements are compared with a conventional durability ranking test

(migration test), to establish a ranking methodology using electrical monitoring.

The electrical response for the mixes in this chapter is discussed within the context of (a)

the bulk conductivity response, (b) the permittivity response, (c) Nyquist plot features.

6.1 Bulk electrical conductivity

The conductivity was obtained using the 2-point end-to-end electrode configuration as
detailed in Chapter 4. The frequency at the cusp point between the intermediate arc and
the bulk arc was located for each mix and the corresponding resistance used in the
calculation of the bulk conductivity. Figures 6.1(a) — (c) present the change in
conductivity with time. A rapid decrease in conductivity for all mixes is evident over the
period 1-day to 28-days; thereafter, there is more gradual decrease until the end of the
monitoring period. It is interesting to note that at early ages (1-7days) the replaced mixes
display a higher conductivity when compared with the Portland cement concrete mixes.
For example, considering the 0.35w/b mixes, the PCC records an average value of
0.02 S/m at the age of 1-day, however the 65%GGBS, 35%GGBS, 35%FA mixes record
values of, respectively, 0.037 S/m, 0.033 S/m and 0.034 S/m. The higher conductivity of
the replaced mixes, in comparison to the PCC, changes with time, as a ‘cross-over’
appears as early as 7-days between the PCC mix conductivity and the 65%GGBS mix.
With regard to the 0.35w/b 35%GGBS mix, the same cross-over with the PCC mix takes
place; however, in this case, it takes place at the age of 14 days. For the 35%FA mixes,
the cross-over point occurs at approximately 28-days. The trend for high values for the
replaced mixes at early ages and the lower values at later ages in comparison to the plain
concrete mixes is observed for all w/b ratios. At later ages >100 days, from Figure 6.1 all
mixes continue their decreasing trend through time, and at the end of the monitoring
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period the PCC mixes have a larger conductivity than the replaced mixes; for example, at
the age of 365 days the 0.35w/b PCC records a conductivity of 4.16x1073 S/m whereas
the 35%GGBS, 65%GGBS and 35%FA have, respectively, values of 2.65x1073 S/m,
1.36x1073 S/m and 9.6x10~* S/m.

Referring to Figure 6.1, the development in the pore structure clearly affects the
conductivity of the concrete. This is observed from the continuous decreasing trend
through time and indicates the progressive refinement of the interconnected capillary
pores which are the main path for ionic conduction. The pore refinement process
decreases with time due to the decrease in the rate of hydration. As an illustration, Figure
6.2(a) shows a rapid decreasing rate for the capillary pore sizes between the ages of ~ 28-
days and 90-days, in contrast to a relatively small change in the pore size distribution
between the age of 90-days and 1 year. This agrees with the trend in the conductivity with
regard to the rapid decreasing trend for the samples at the ages between 1-28 days in

contrast to the more gradual decreasing rate during the period after 28 days.

With regard to the influence of the w/b ratio on the conductivity of the concrete mixes, it
is evident from Figure 6.1 that as the w/b ratio of the concrete mixes increases the
conductivity increases and this corroborates previously published work (see Chapter 3).
This is attributed to the effect of the w/b on the pore structure as, by considering Figure
6.2(b), as the w/b in the mix increases, both the intruded mercury volume as well as the
volume fraction of the large capillary pores increases (Kim et al., 2014). At 0.3w/b, the
largest pores at the age of 28-days have a value of 100nm; however, by increasing the
w/b to 0.9, the largest pore sizes record the value of 1um. This is also reflected on the
size of the interconnected capillary pores, as the critical diameter radius is expected to
increase as the w/b increases. Therefore, due to the larger and more interconnected pore

structure resulting from increasing the w/b, the conductivity of the samples increases.

With regard to SCM’s, all the replaced mixes have a high conductivity in comparison to
the PCC mixes at ages which are <7 days. The replaced mixes have a more interconnected
and open pore structure than in the PCC mixes at early ages due to the slower pozzolanic
reaction prior to the cross-over points shown in Figure 6.1 (Lawrence et al., 2003; Cyr et
al., 2006).
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6.1.1 Formation Factor and Pore Solution Conductivity

It is evident that the 65%GGBS mixes, cross-over the PCC conductivity at earlier ages
when compared with the 35%GGBS mix and the 35%FA mix. In order to explain this
trend for the 65% GGBS replaced samples, the Formation Factor (F) can be used. F is
defined as (Archie, 1942; Kyi and Batchelor, 1994; Snyder, 2001):

O-O
F = (6.1)
Obulk

Where o, is the conductivity of the pore solution (S/m) and g, the conductivity of

the concrete. In the current work, the pore-solution conductivity was evaluated using the
model developed by Snyder et al. (2003) and Bentz (2007) which is based on the

following assumptions:

(a) The main ions in the pore-water are K+, Na™ and the OH™.

(b) 75% of the K* and Na™ ions in the cementitious materials are released to the pore

solution by the age of 28-days.

(c) Alkalis in the slag material are adsorbed on the slag hydration product therefore they

do not affect the pore solution concentration.

(d) The OH™ ionic concentration is calculated based on electroneutrality, by summing

the released K* and Na* concentrations.

(e) The volume of the pore water used to calculate the concentration of the pore solution
is deduced from equation (6.2):

Vos = %— 0.23a — 0.06« (6.2)
In which, V,s= volume of pore solution (I/kg); 0.23a = Hydration product bound water
(I/kg); 0.06a = fraction of water imbibed due to chemical shrinkage (I/kg); a = degree of
hydration at time (t). In order to obtain the degree of hydration, a(t), a three parameter
model is used (Schindler and Folliard, 2005), and summarized below. The model

estimates the degree of hydration a(t) by fitting the equation presented in equation (6.3):

718
a(t) = ay. e(_[f] ) (6.3)
In which, T = hydration time parameters (unit time); f = hydration shape parameter, and,
(1= Ultimate degree of hydration. Equation (6.3) yields both T and § from the fitting

process. With regard to &,;;¢, this parameter is obtained as follows:
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1.031.w/b

Ayt = m + O-S-PFA + 0-30-Pslag <1.0 (64)

In which, w/b = water to cementitious material ratio; Pr, = fly-ash replacement

percentage in the mix, and Pslag = slag replacement percentage in the mix.

With regard to the experimental degree of hydration data, the heat output for
representative pastes with the same mix proportions as the respective concrete mix has
been obtained using an isothermal calorimetric test for a period of 168 hours. The degree
of hydration of the experimental heat evolution data has been obtained according to the

following equations:

Heem (J/gm) = 500 P, + 260 P, + 866 P4

+420 P, ap + 624 Py, + 1186 Prree cao (6.5)
+850 Pyg0
a(t) = H(t)/Hy (6.6)
Hr()) = C..Hy (6.7)
Hu (J/gm) =Heem Peom +460 Pyqg+209 Pry (6.8)

In which; H(t) = the cumulative heat at time (t); Hy = the total heat emitted at 100%
hydration degree for the cementitious material; C.= cementitious material content (unit
weight); H,,= heat emitted per unit weight cementitious material; H.,, = heat emitted per
unit weight cement. This parameter is calculated according to equation (6.5) in which
Pe.si Peysr Peyas Peyars Poogs Prree caos Pugo are the weight percentages for the relevant
cement compound calculated from the Bogue equations; P..,,,= cement weight percentage

in the mix.

Figure 6.3 presents the fitting curves for the experimental data obtained from the
calorimetry studies with the best fitting parameters presented in Table 6.1. From
Table 6.1 and Figure 6.3, it is evident as the w/b ratio in the mixes increases both the a,,;;
and a(t) record higher values at later ages (Lura et al., 2017). Also, the addition of SCM

to the mixes increases the value of a,,;; in comparison to the plain mixes.

The results of the pore solution conductivity are presented in Figure 6.4. Figure 6.5 shows

the resulting 1/F — time response for the concrete mixes through the initial 60-days
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hydration. It is interesting to note the time difference between the age at which the 1/F
curve (Figure 6.5) and the conductivity curve (Figure 6.1) for the 65%GGBS mixes
cross-over. As the 65%GGBS 1/F curve crosses the PCC curve later than the
corresponding conductivity curves, this would indicate that, when comparing the
65% GGBS mix with the PCC mixes at early ages, the pore solution conductivity must
be considered (Shi, 2004; Neithalath and Jain, 2010). At ages < 7 days (see Figure 6.1),
the high conductivity for the 65%GGBS is due to the more porous structure in comparison
to the PCC mixes. However, after the age of 7-days until the 65%GGBS 1/F curve crosses
the PCC 1/F curve, the high value of the PCC conductivity is due to the high conductivity
of the pore solution in the PCC mixes compared to the 65%GGBS mixes. In Figure 6.5,
as it is clear that all the mixes record higher 1/F values than the PCC mixes at ages < 30
days, which implies that after this time the replaced mixes are producing a more refined

pore structure in comparison to the PCC mixes.

It can be concluded that the early age low-conductivity values for the 65%GGBS in
Figure 6.1, is not due to the modification in the pore structure due to the reactivity of the
GGBS, but due to the low pore-solution conductivity in these mixes in comparison to the
PCC mixes.

Regarding the 35%GGBS, for the 0.35w/b mix the conductivity crosses the PCC
conductivity at the age of 14-days, 21-days for the 0.45w/b and 28-days for the 0.65w/b.
When considering the pore-solution conductivity these cross-over times for the
35%GGBS are 35-days (0.35w/b), 40-days (0.45w/b) and 70-days (0.65w/b). With regard
to the 35%FA mix, as the w/b increases the cross-over age from the 1/F curve decreases
particularly the 0.65w/b mix and this is attributed to the increase in the degree of
hydration as the w/b ratio increases. This indicates that at the high w/b, the FA is more
efficient than the other SCMs in filling the open pores by producing ‘ink-bottle’ pores
(Yuetal., 2017).

6.2 Dispersion in permittivity and conductivity
In this section, the permittivity and conductivity are presented in both the time and

frequency domains for the concrete mixes.

6.2.1 Dispersion and temporal effects on relative permittivity
Figure 6.6 presents both the relative permittivity, &-(o), and conductivity o(w) as a

function of frequency at 28-days, 180-days and 360-days for the 0.35w/b concrete mixes.
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It is evident that over the frequency range 1Hz-10MHz there is an overall decrease in the
&-(w) and increase in o() representing a region of dispersion and this is discussed below.
From Figures 6.6 (a) — (d), the permittivity attains values in the range of ~107 at low
frequencies (~1Hz) and this is attributed to electrode polarization processes, before
decreasing rapidly as the frequency increases, approaching values of ~25 in the frequency
range 5MHz-10MHz. The permittivity in this frequency range displays a dependency on
the mix as well as the age (Taylor and Arulanandan, 1974; Yoon et al., 1994; Al-Qadi et
al., 1995; Gu and Beaudoin, 1997; Wen and Chung, 2001) however, over the period of
relaxation /dispersion 3-zones can be identified:

(i) ~1Hz-100Hz: attributed to electrode/sponge interfacial effect.
(if) ~100Hz-10kHz: attributed to sponge/sample interfacial effect; and,

(iii) ~10kHz-10MHz: attributed to polarization processes within the bulk material.

The o(w) response, also displays marked changes over these frequency ranges: a low-
frequency increasing region (~1Hz-100Hz), a period of slowly increasing conductivity
(100Hz-10kHz), and a region of rapidly increasing conductivity (10kHz-10MHz). At the
lower end of region (ii) the DC conductivity can be located, before a rapid increase in the
o(w) takes place due to the progressive contribution of relaxation of polarization

processes to g, (see equation (4.8))

6.2.2 Hydration effect

Figures 6.7 — 6.9 present €,(w) at four frequencies within zone (iii) represented by
100kHz, 500kHz, 1MHz and 5MHz. The permittivity is a measure of the polarizabilty of
the material and, as discussed in Chapter 3, the main polarization processes operating
with the material will be double-layer and interfacial processes (see Figure 3.4). In
Figures 6.7 — 6.9, two types of responses can be observed depending on the measuring
frequency range. The relative permittivity in the frequency range 100kHz-1MHz for all
the mixes follows a ‘conductivity-like’ behaviour as, at early ages, the concrete has a
more porous structure. This will lead to an increase in the polarizability of the concrete
due to the ease of charge oscillation in sympathy with the applied electrical field. At later
ages, the polarizability of the samples decreases due to pore structure refinement and

reducing porosity.
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In the frequency range 1IMHz-5MHz, ¢, (®) becomes less sensitive to the aging process.
It is evident that €, (o) for the replaced mixes is higher than the PC concrete mix and this
becomes more discernible as the frequency increases. The conductivity for the replaced
mixes, on the other hand, is lower than the PC mix particularly at later ages. This feature
could be attributed to the more disconnected pore structure for the replaced mixes (but
not necessarily of lower porosity) which would increase the polarizability of the material

through the interfacial processes.

6.2.3 Water/binder (w/b) ratio

With regard to the effect of w/b on the permittivity, it is clear that as the w/b increases,
the electrical permittivity of the mixes increases. This could be attributed to the effect of
the w/b on the pore structure, as a more open pore structure is expected to exist in the
samples by increasing the w/b. Therefore, this would increase the conductivity and
permittivity values. It is interesting to note that both the mid-frequency (100kHz-1MHz)
and high-frequency permittivity (LMHz-5MHz) are affected by the increase in the w/b
ratio. This would indicate that both the mid-frequency and high-frequency permittivity,
are associated with the changes in the pore structure and are both affected by increasing

the w/b ratio.

6.3 Nyquist Plots and Equivalent Circuit Model

Figure 6.10 and Figure 6.11 show the Nyquist plots for different concrete mixes
(w/b=0.35) at the ages of 7, 28, 56, 180 and 360 days using two different electrode
configurations viz. the 2-point using end-to-end plates and 2-point using embedded pin
electrodes. The difference between the Nyquist plots obtained by the 2-point embedded

electrodes and the 2-point end-to-end plate could be summarised as follow:

(a) Regarding the end-to-end configuration (Figure 6.11) an intermediate arc occupies
the zone between the electrode polarization arc and the bulk material arc. This
intermediate arc has been discussed by McCarter et al. (2015), and has been attributed

to an interfacial phenomenon between the sponge-sample interface.

(b) The bulk resistance which is recorded by the embedded pins is larger when compared
with the resistance recorded by the 2-point end-to-end plates; however, the resistivity
of the sample should be the same for both of the different electrodes configuration
(McCarter et al., 2005; Rajabipour et al., 2007; McCarter et al., 2013).
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Figure 6.12 shows the influence of w/b on the Nyquist plot with plots presented at 28-
days. It is evident from Figures 6.10 — 6.12 that the diameter of the bulk arcs increases
with time and decreases with w/b. However, the characteristic frequency £, and the CPE

exponent, p, also change and are discussed below.

6.3.1 Bulk arc Characteristic Frequency (f.)

From Figure 6.13, f. shows a continual decreasing trend through time, which is similar
to the conductivity response for the mixes and is attributed to the development of a more
disconnected pore structure due to the hydration process. The bulk arc characteristic
frequency reflects the refinement and the development in the pore structure with time.
The same explanation can be adopted when considering the effect of the w/b and SCMs
on f, as, by increasing the w/b ratio in the mixes, the pore structure becomes more open,
thereby allowing charges to follow the electrical field at a higher frequency in comparison
to the lower frequency which is recorded for the low w/b mixes. In a similar fashion, the
addition of SCMs to the mix causes the bulk arc characteristic frequency to reduce

progressively through time to a lower frequency range.

6.3.2 Bulk arc CPE exponent (p)

The CPE exponent (p) was obtained by fitting the impedance response to the EEC used
by McCarter et al. (2015) for the 2-point end-to end electrodes configuration. Figure 6.14
shows the exponent, p, through time for the different mixes. For example, regarding the
PCC mixes, the p value for the 0.35w/b is 0.875 at 7 days decreasing to 0.775 at 360 days;
increasing the wi/b ratio to 0.65 increases the p value to 0.925 at 7-days and 0.825 at
360-days. The observed CPE exponent values through time for the concrete mixes in this
study, are comparable to the range which has been suggested by (Christensen et al., 1994).
The p values for all other mixes display the same decreasing trend through time, hence
the centre of the bulk arc becomes more depressed below the real axis. It is also evident
that, at the same w/b ratio, the PCC mixes exhibit the highest p values in comparison to
the other mixes and, as the GGBS replacement level in the mix increases, the p values

decrease. These trends for p can be summarised as follows:
(a) a decreasing trend for p through time for all mixes;

(b) by including SCMs in the mix, the values of p decrease when compared with the

values of the PCC mixes, particularly at late ages; and

(c) it has been shown that as the w/b ratio increases, the p value also increases.
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The trends for p can be explained in the context of the pore size distribution of the mixes
and the volumetric fraction of each pore size. At very early ages at which a minimum
depression angle is observed for the bulk arc (large p value), the large capillary pores are
expected to dominate the porosity despite the wide pore size distribution during this early
age. As the samples age, these larger capillary pores gradually decrease in diameter which
increases the volumetric fraction of the smaller pores especially in the range of the gel
pores, which are <10nm (Zeng et al., 2012). With time, the volume fraction of small pores
(<100nm) increases and that of the large pores (>100nm) decreases. The relaxation
behaviour of the charges in the large capillary pores are expected to show different
relaxation frequencies than the small pores due to the pore surface proximity (Gu et al.,
1993). Therefore, a distribution in the relaxation time in the mixes is expected to take
place on the bulk arc when a broad pore size distribution exists in the mix as well as when
a significant volumetric fraction for each pore size emerges in the mixes through time
(Gu et al., 1994; Andrade et al., 1999).

The addition of SCMs on the pore size distribution has been studied by Berodier and
Scrivener (2015) and it has been shown that a broad distribution of pore sizes for both the
FA mixes and the GGBS mixes is attained as early as 28-days when compared with the
plain cement pastes. This broader distribution shows an increase in the volume of the
pores in the range between 2nm-8nm. Therefore, in this case, a larger depression angle is
expected for the replaced mixes in comparison to the PCC mixes due to both the increase
in the volume fraction of the small pores as well as the broad distribution of pore sizes.
The effect of increasing the p values when increasing the w/b in the mixes is also
attributed to the increase in the pore size; in this case, as the pore size distribution and the
volume fraction of the large pores will dominate, so a small depression angle, hence large

p value, is observed.

6.1.1 Concrete hardening stage EEC

In this section, the electrical response of the concrete through the hardening stage is
modelled using an equivalent electrical circuit (EEC). According to the different electrical
parameters in the proposed EEC, the experimental response is explained and related to
the different pore structure components which exist in the hydrated material. The EEC

response is verified by assessing its response through:

(@) the hydration process;
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(b) w/b ratios;
(c) the effect of different SCM’s; and,

(d) comparing the modelled EEC response with the experimental data.

As was shown in Figure 6.14 and as suggested in other studies, the depressed arc for the
bulk Nyquist plot is a result of the broad pore size distribution and the volumetric fraction
of each pore size in the hardened cementitious material. This stems from the different
physical properties of different pore sizes, especially the adsorption conditions of the
pore-water (Sanchez et al., 2013). In the current study, the bulk response of the different
concrete mixes has been modelled by the use of the EEC shown in Figure 6.15. In this
EEC, the bulk response is represented by 3 electrical paths and 4 circuit elements. The
electrical parameters are:

CPE .= this parameter represents the polarization process on the surface of the connected
pores;

R.=represents the electrical conduction process in the connected pores;

R ;s=represents the conduction process in the disconnected pores;

C4is= represents the polarization process in the disconnected pores and

R =o0ffset resistance (Christensen et al., 1994; Kim et al., 1995; McCarter et al., 2015)

With regard to the measuring system, a parallel resistor/CPE (R,;/CPE,;) has been used
to account for the electrode response at the concrete/sponge interface (McCarter et al.,
2015). In some cases, an additional resistor/CPE circuit is added to account for the
polarization process on the surface of the electrodes (i.e electrode/sponge interface)

whenever the electrode polarization spur is detected.

Figure 6.16 shows the fitted experimental Nyquist plots for the different mixes at selected
ages which are 28 days, 180 days and 360 days. In this case, only the 0.35w/b mixes are
presented. Tables 6.2 - 6.5 show the best fit parameters for the Nyquist plots in

Figure 6.16. Two points can be drawn from the fitting values which are:

(i) From Tables 6.2 - 6.5, the capacitor values (Cqis) and the C_, which are assumed to
represent the bulk material, are in the range of 10711F and 1071° Fs?~1 respectively;
on the other hand, the CPE which is suggested to represent the electrode polarization

phenomena, has a C_ coefficient in the range of ~10~5 and p value is in the range
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0.40-0.50 (McCarter et al., 2015). The values of these electrical parameters prove their
relation to the bulk material and electrode phenomena respectively.

(ii) It is evident that R,;s, which represents the disconnected pores, has larger values
through the whole testing period when compared with R.. This indicates that the R ;;
represents more constricted/disconnected electrical paths when compared with the R,

response.

In order to assess the response of the assumed EEC through time, as well as concrete
mixes, Figures 6.17 — 6.19 show the temporal response for the EEC parameters at
different w/b and different SCM additions. The results for the EEC parameters are
discussed in terms of the EEC capacitance/CPE responses, and the conductance of the

corresponding paths (G,, G4;s) instead of the resistances, in which 1/R=G.

w/b ratio

For all the mixes, the values of the EEC bulk related electrical parameters increase as w/b
increases. With regard to the conductance parameters which represent the connected
pores and the disconnected pores, G., G4is respectively, these show an increase as w/b
increases. The capacitor, which is related to the polarization processes in the disconnected
pores, and the CPE (represented by the C_ and the p) which represents the connected
pores, also display the same increasing trend with increasing w/b. This increasing trend
is attributed to the increase in the porosity of the mix which would influence both the
conductivity as well as the oscillation of charges at the solid /liquid interfaces, hence the
polarizability of the mix. Therefore, the capacitive and conductive elements, in this case,
reflect changes in the pore structure resulting from the change in w/b. Due to the
increasing trend for EEC bulk related electrical parameters when increasing the w/b, all
the EEC electrical parameters are related to the processes within the pore structure, this
is contrary to what has shown in other studies which had related the CPE, to the
polarization in the solid phase (Andrade et al., 1999; Cabeza et al., 2002; Cabeza et al.,
2003; Cabeza et al., 2006).

Hydration effect

As can be observed in Figures 6.17 — 6.19, all the conductance and the capacitance/C,
values, which are related to the bulk material, show a continuous decreasing trend through
time, regardless of w/b. This can be explained in terms of the decrease in the porosity as

well as the pore size for both the connected and disconnected pores. The G, response for
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the PCC mixes at the end of the monitoring period decreases by ~ 65% from its initial
value, on the other hand, G ;s decreases by ~25% from its initial values. The same trend
for these parameters is evident for two GGBS mixes, as G, for the 35%GGBS and
65%GGBS decrease by 80% and 90% from their initial values, respectively. G;, for the
35%GGBS decreases by ~30%, for the 65%GGBS decreases by 40% respectively. This
rapid decreasing trend which is observed for G, for all mixes in comparison to G; could
be related to the continuous conversion of the large connected pores to smaller

disconnected ones.

The CPE, exponent p shows a rapid decrease through time for all the mixes at early ages.
At later ages, this parameter records relatively constant low values through time when
compared with early ages as shown in the PCC, 35%GGBS and the 35%FA mixes. This
would suggest at later ages the pore size distribution has stabilised due to the slow
hydration reaction. With regard to the high replaced mixes (65%GGBS), a noticeable
increase in this parameter takes place after the initial rapid early decrease. This is
attributed to the infilling of the large pores by the GGBS hydration product at this high
replacement level, and the production of more small pores with limited pore-size

distribution which is reflected in the p response (Berodier and Scrivener, 2015).

SCM addition effect

Figures 6.17 — 6.19 show the response of the EEC bulk related electrical parameters
through time for the different SCM’s and their replacement levels. With regard to the G,
parameter, it shows a similar response for the bulk conductivity (Figure 6.1) for the
different mixes. At early ages (7 days), and by taking the G, for the PCC as a reference
parameter, the G, for the 35%GGBS mix records higher values than the G for the PCC.
This agrees with the response which is shown by the bulk conductivity of these two mixes
in Figure 6.1. On the other hand, and with regard to the 65%GGBS, this mix shows lower
G, values than the PCC mix at ages as early as 7 days. This indicates that this parameter
is affected by the bulk pore solution conductivity of the mixes.

By considering the G;, for the PCC, 35%GGBS and the 65%GGBS mixes, this electrical
parameter displays a decreasing trend through time. Interestingly, when assessing the
‘cross-over’ age for the 35%GGBS and the 65%GGBS against the PCC mix, it is evident
that the G;, for the 35%GGBS and the 65%GGBS cross the PCC mixes at later ages
when compared with the G.. As for the 65% GGBS mixes, the G4, records higher values
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than the PCC mixes until the age of 28 days and, with regard to the 35%GGBS, the G;,
records values higher than the PCC up to the age of ~50 days. This trend would highlight

two features of these mixes which are:

(i) During the time period in which both the G,;; for the GGBS mixes record higher
values than the PCC mix, the porosity of the disconnected pores, is higher in the
GGBS mixes than the PCC mixes. This is due to the relatively slow reactivity of the

replaced mixes in comparison to the PCC mixes; and,

(i1) The lower values for both the G,;s for the GGBS mixes in comparison to the PCC
mixes after the cross-over process, indicates the presence of more refined-
disconnected electrical paths in the GGBS mixes in comparison to the PCC mixes due

to shifting the pore size distribution to smaller sizes because of the GGBS effect.

It is clear from Figures 6.17 — 6.19 that C_ and C,;; for the GGBS mixes, show higher
values than the PCC mixes over the entire monitoring period. This trend for C_and Cy;,

can be explained in terms of pore refinement and the porosity of the mixes as follows:

(@) At early ages, due to the slower reactivity of the GGBS mixes, larger C, and C ;s
values are expected at early ages in comparison to the PCC mixes due to the less

developed pore structure in these mixes.

(b) Asthe GGBS reaction proceeds, the pore network becomes more refined and tortuous
which increases the number of the solid/liquid interfaces in the mix, as well as
increasing the surface area of pores due to the increases in the tortuous length. The
increase in the refinement of the pores in slag mixes has been shown to take place
during the first 28 days (see, for example, Pandey and Sharma (2000); Canut (2011);
Berodier and Scrivener (2015)). These studies have shown that blended cement
obtains more refined pore structure than the pure cement mixes despite the larger

porosity of the former mixes.

(c) Thereafter the decrease in the sample conductivity due to the ongoing hydration
process which decreases the porosity of the samples, decreases the values of C_ and
C4is- From this, both the GGBS replaced mixes and the PCC show decrease through

time with regard to the C_ and C ;.
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With regard to the bulk material conductance G., Gg;s in the fly-ash mixes, it is evident
that these parameters follow the same trend which has been observed for the GGBS
replaced mixes. Regarding G, this crosses over the PCC mixes at 40 days. On the other
hand, and with regard to G;,, this parameter crosses over its corresponding PCC at later
ages when compared to the G, cross over timing. This indicates the slow reactivity of the

FA mixes in comparison to the other mixes.

With regard to the C_ and Cy;; for the FA mixes, their response is expected to be
complicated by the unburned carbon effect in the mixes, as this can increase the values
of both the C, and C,;s in comparison to the other mixes. However, it is interesting to
note that these two parameters show a gradual increasing trend through time but with a
decreasing rate. At early ages, these two parameters display higher values than the PCC
mixes with an almost constant value through the first 50 days. Thereafter, they start to
increase through time until ~125 days at which time they attain a constant value or
decrease, as in the case of the 0.65w/b mix. The increase in C_ and Cy;s could also be
attributed to the increase in the number of the solid/liquid interfaces due to the pores
refinement process through time due to the pozzolanic reaction. In this case, this effect is
much more observable than in the case of the GGBS mixes due to the slow reactivity of
the FA mixes in comparison to the GGBS mixes which allows the separation between the
increase in the solid/liquid interface effect and the decrease in the porosity due to the
pores in-filling process. This can shed a light on the FA mechanism in modifying the pore
structure as it proceeds through generating more solid/liquid interface by producing more
ink-bottle pores, thereafter filling the pores by hydration products. After the age of the

125 days the C_ and C,; for all the FA mixes attain virtually a constant value.

6.4 Relation between the electrical response and mixes durability

In this section, the electrical response obtained at the end of the monitoring program for
the concrete mixes, is compared with the results of the non-steady state chloride migration
coefficient D,y Obtained from NT Build 492 test (NTBuild492, 1999). Despite the
many advantages which the NT Build test possesses over other existing tests such as
RCPT, for example, the well-controlled temperature in this test (Tang and Nilsson, 1993),
electrical measurements are considered as an easy to use, non-destructive quality control
method, which can be developed for remote, in-situ monitoring of concrete structures
(McCarter et al., 2000; McCarter et al., 2003; McCarter et al., 2005).
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6.1.2 Electrical measurements results and NT Build results comparison

Table 6.6 and Figure 6.20 present the D, results for the mixes at different w/b, the
bulk material conductivity and the inverse of the formation factor (see equation (6.1)).
From Figure 6.20, both the mixes ranking obtained from the conductivity and D,,s,, are
similar. In general, the FA mix with 0.35w/b records the lowest D,
(8.47x10713 m?2/s), on the other hand, the PCC 0.65 w/b records the highest D, s,
(12.72x10712 m?/s). This is similar to the bulk conductivity, despite the high
pore-solution conductivity (see Table 6.6) for the 35%FA 0.35w/b in comparison to the
PCC 0.65w/b; the FA mix records lower bulk conductivity value when compared with
the latter. The agreement between the conductivity ranking and the D, can be
illustrated more through Figure 6.21(a), as a strong linear relation between the two

parameters is found with R? =0.94.

With regard to the 1/F ranking system, here also the 35%FA 0.35w/b and the PCCO0.65w/b
mixes represent both the highest and the lowest limit for the mixes. However, a
discernible difference in the ranking of the material based on the 1/F can be noticed when
compared with the D,.,, and the conductivity ranking. For example, the
35%FA (0.45w/b) is ranked as more resistive in the case of the 1/F system than the
65%GGBS (0.35w/b) which is not the case on the conductivity and the D, Systems.

Also, the PCCO0.35w/b in the 1/F ranking system is more resistive than the

65%GGBS0.45w/b which is opposite to its ranking by the conductivity and the D, ¢,

systems. Figure 6.22 highlights clearly the discrepancy between the D,,.,,/conductivity
ranking system and the 1/F ranking system. In general, the differences between the two
ranking systems can be summarized in the following points:

(@) With regard to the 1/F ranking system, the low w/b mixes (0.35) are ranked more
resistive than the higher w/b mixes which is not the case in the D,,,/conductivity
ranking system. The only exception for this rule in the 1/F ranking system, is the
35%FA0.45 mix, as it is ranked more resistive than the 65%, 35%GGBS 0.35w/b as
well as more resistive than the PCC0.35 mix. This highlights the efficiency of the FA
as a binder in producing more ink-bottle pores which offset the effect of increasing
the wib.

(b) Within the same w/b, the 1/F ranking system ranks the fly ash mixes as the most
resistive mixes, then the 65%GGBS, 35%GGBS and the PCC mixes respectively.
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(¢) The D,,sm, /conductivity ranking system, and within the same w/b, the same order of
the 1/F ranking system is followed for the PCC and the 35%GGBS mixes, however
the 65%GGBS mixes and the fly ash mixes show a comparable ranking which is
contrary to the 1/F ranking system (see Figure 6.22)

The agreement between the D,,,,,, ranking and the bulk conductivity ranking, which is
not in total agreement with the 1/F ranking, could suggest that both NTbuilt492 test results
and the conductivity tests depend on the pore-solution conductivity. This is very clear
when assessing the durability ranking of the 65%GGBS0.65w/b by both the D, ssm
/conductivity ranking system and the 1/F ranking system. In the former system this mix
ranked as fifth, however with regard to the 1/F system this mix ranked as 9" (less durable).
The high durability ranking for this mix in the D, /conductivity ranking system is
attributed to the low pore solution conductivity which this mix possess (see Table (6.6))
In the both tests (D,ssm /conductivity) an electrical field is applied through the samples
either to obtain the bulk conductivity of the material or to accelerate the migration process
of the chloride ions into the concrete (Gao et al., 2017). Therefore, both methods are
expected to be influenced by the pore-solution conductivity; when the pore-solution of
the mix is ‘calibrated out’ by the use of the 1/F ranking procedure, the mixes have a
different order as the ranking now depends solely on the pore structure such as the
connectivity and tortuosity. This difference between the both ranking systems
(Dnssm/conductivity and the 1/F) is more highlighted in high replaced mixes due to the

significant low pore solution conductivity of these mixes.

6.5 Summary

In this chapter, electrical impedance spectroscopy has been used to characterise the
different concrete mixes up to the age of 400days. The effect of the pore solution on the
conductivity of the mixes has been highlighted by using the Formation Factor results. The
pore solution conductivity of the replaced mixes has been shown to have lower values
when compared with the PCC mixes, which affects the conductivity values. The
low-frequency permittivity has been shown to be influenced by the conductivity values
through time; however, the high frequency permittivity is more affected by the binder
type as the permittivity of the replaced mixes has been shown to be higher than the PCC
mixes. An EEC model has been proposed to account for the experimental electrical
response, which contained parameters related to the connected pores and disconnected

pores.
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A comparison between the durability ranking which obtained from the Dnssm /conductivity
raking system and the formation factor ranking system has been conducted, and a

difference between the three mentioned ranking systems was observed.
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Figure 6.17: Effect of different SCM types on the EEC electrical parameters through time

for the 0.35w/b concrete mixes.
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for the 0.45w/b concrete mixes.
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for the 0.65w/b concrete mixes.
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Mix w/b ay1:(%) T (days) R R-squared
0.35 66.30 0.56 0.93 0.99
PC 0.45 72.04 0.55 1.15 0.99
0.65 79.40 0.64 0.97 0.99
0.35 76.83 0.91 0.66 0.99
35%GGBS 0.45 82.54 1.06 0.63 0.99
0.65 98.90 2.51 0.52 0.99
0.35 76.83 0.91 0.66 0.99
65%GGBS 0.45 91.54 3.58 0.46 0.99
0.65 98.90 2.51 0.52 0.99
0.35 83.83 0.92 0.69 0.99
35%PFA 0.45 89.54 0.96 0.69 0.99
0.65 96.90 2.51 0.52 0.99

Table 6.1: Best fit parameters for the experimental degree of hydration in Figure 6.3

Sample Ry C.el C, R, Ris CICZUS
Age (ohm) | (FsP™1) P | (gsp1) | P | (ohm) | (ohm) (F)
28 days 4225 | 2.40x107* | 0.34 | 3.89x1071° | 0.87 | 735.7 | 9607 | 2.82x10~ !
180 days 2638 | 2.57x1075 | 0.54 | 3.77x107° | 0.87 | 1485 | 11720 | 2.78x10~'!
360 days 4943 | 2.19x1075 | 0.54 | 4.12x1071° | 0.86 | 1572 | 11855 | 3.06x107'!
Table 6.2: Best -fit parameters for the 0.35w/b PCC mixes.
sample | Raq | Ca C, R. | Rg | (6
Age hm) | @sP) | P | sty | P | (ohm) | (ohm) (F)
28 days 1085 | 9.83x107% | 0.41 | 4.86x1071° | 0.86 | 951.6 | 8951 | 3.56x10~'!
180 days 4194 | 2.83x1075 | 0.50 | 4.01x1071° | 0.86 | 2295 | 13202 | 3.05x10~!
360 days 7183 | 2.44x1075 | 0.50 | 4.21x1071° | 0.86 | 2562 | 13511 | 3.22x10~!
Table 6.3: Best -fit parameters for the 0.35w/b 35%GGBS mixes.
Sample R C.el C, R, Ris Cgis
Age hm) | (FsP 1y | P | (ke | P | (ohm) | (ohm) (F)
28 days 984.2 | 6.16x107° | 0.42 | 5.94x1071° | 0.85 | 1503 | 9416 | 4.46x107'!
180 days 5383 | 1.63x1075 | 0.50 | 4.17x107'° | 0.86 | 3936 | 15555 | 3.29x107'!
360 days 11201 | 1.23x1075 | 0.53 | 4.26x1071° | 0.86 | 4445 | 16217 | 3.39x107'!

Table 6.4: Best -fit parameters for the 0.35w/b 65%GGBS mixes.
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Sample Ry C.el C, R¢ Rais C,’iis
Age ohm) | FsP) | P | (ke | P | (ohm) | (ohm) )

834.9 6.29E-05 | 0.47 | 5.41x1071° | 0.86 | 626.4 | 7414 | 3.93x1071

28 days

- -10 11
180 days 6100 1.61E-05 | 0.53 | 5.91x10 0.85 | 3411 | 12849 | 4.60x10

- -10 11
360 days 11447 | 1.94E-05 | 0.45 | 5.57x10 0.85 | 6656 | 17192 | 4.56x10

Table 6.5: Best -fit parameters for the 0.35w/b 35%FA mixes.

. oo |o X 1073 | Dyggm X 10712 4

Mix w/b (s/m) b““(<8 m) Ss(mz /s) 1/Fx10
0.35 11.71 3.58 3.38 3.06

PCC 0.45 8.87 7.87 8.28 8.87
0.65 5.89 9.44 12.71 16.02

0.35 8.30 2.09 2.61 2.52

35%GGBS 0.45 6.24 3.75 3.46 6.02
0.65 4.06 6.12 5.54 15.07

0.35 5.2 1.28 0.96 2.46

65%GGBS 0.45 3.53 1.64 1.63 4.65
0.65 2.31 1.82 2.07 7.89

0.35 11.1 0.80 0.84 0.72

35%PFA 0.45 8.09 1.42 1.02 1.75
0.65 5.15 1.82 2.14 3.54

Table 6.6: Results of pore solution conductivity, bulk conductivity and the non-steady
state migration coefficient for the different concrete mixes at the age of 400

days.
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Chapter 7 — Conclusions and Recommendations

7.1 Conclusions

In this study, impedance spectroscopy was used to obtain the electrical properties of
cementitious materials over the frequency range 1Hz-10MHz from initial gauging with
water up to 400 days hydration. Mixes comprised both cement-pastes and concretes using
Portland cement as well as partially replaced with either GGBS or FA. The following

conclusions can be drawn:

I. The effect of electrode configuration:

(i) It was observed that using saturated sponges as an electrode/specimen contacting
medium introduced a spurious circuit element represented by the sponge/specimen
interface. Additionally, the sponge saturating liquid had a significant influence on the
impedance response; as the impedance of the saturating liquid increased a well-
defined, low-frequency arc developed in the Nyquist plot. However, as the frequency
of the applied field increased, the influence of the electrode/sponge and
sponge/specimen interfaces decreased.

(ii) The resistance (real component) of the cube calculated from 4-point resistivity
measurements was located on the Nyquist plot and occurred at the low-frequency side

of the bulk material Nyquist arc.

(iif) Regarding the testing procedure for two-point, end-to-end resistivity measurements,
the work presented would suggest that using an AC frequency in the range
5kHz-10kHz with a low resistivity liquid used to saturate the sponges would result in
a more accurate assessment of concrete resistivity/conductivity. This is particularly
important for low resistivity concrete mixes. During the early stages of hydration,
young concretes would display considerably lower impedance values and hence the
sponge contacting medium would have a much greater influence on the two-point

measurement with consequent greater error.

1. The Early Hydration electrical response:

(i) Through the initial 24-hours after mixing samples with water, six regions were
identified on the conductivity response which were related and explained in terms of
through-solution chemical processes (i.e. dissolution, precipitation), C-S-H and AFt

growth and formation, and AFt to AFm transformation.
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(i) Electrode polarization has shown to have a masking effect on the permittivity response
during this stage. This was corrected by defining and modelling the processes which
take place at the steel/sample interface by an equivalent electrical circuit.

(iii) It was observed that during this initial 24-hours period, the permittivity was
frequency-dependent and related to polarization processes within the cementitious

matrix.

(iv) Permittivity measurements decreased by over four orders of magnitude as the
frequency increased from 1kHz to 1MHz and features of the permittivity response,
which were masked at low frequencies, only revealed themselves at higher

frequencies.

(v) Over the used frequency range, the main polarization processes operative were
electrode polarization which was dominant at frequencies less than 10kHz, whereas
double-layer polarization and interfacial polarization dominated in the

100kHz-1MHz frequency range.

(vi) Three main polarization processes which were related to the bulk response were
identified. The first one after the induction period, in which a polarization peak has
been developed which was attributed to the increase in the surface area of hydration
product. The second and the third polarization processes have been related to the
formation of the AFt and the transformation of the AFt to AFm respectively.

(vii) Both the AFt formation and the AFt to AFm transformation polarization processes,
have shown to be affected by the addition of SCMs as these materials impose an

acceleration effect to the AFt formation and the AFt-AFm transformation processes.

(viii) ESEM, isothermal conduction calorimeter and temperature measurements were
conducted in parallel to the electrical measurement and were used as supportive

tests for the conveyed explanation of electrical response.

(ix) The different polarization regions which appeared on the apparent dielectric response
for the cement pastes have been related to their pertinent physical/chemical origins,
and accordingly an equivalent electrical circuit had been proposed to account for the
contributions of each composing phase. The liquid phase electrical parameters in the
EEC have been shown to be affected by both the liquid phase chemistry at early ages,
and by the growth of hydration products at latter ages. The dispersed particles related

electrical parameters, have been shown to be more affected by the concentration in
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the vicinity of the particles as well as by the increase in the particles surface area due

to either the dissolution process, or due to the growth process.

(x) The effect of SP on the early hydration period has also been studied, and a delaying
effect has been observed on the mentioned bulk related electrical features. It was also
shown that concrete mixes exhibit similar features to those of the respective pastes,
although the absolute values are consistently much lower which can be attributed to
the diluting effect of the aggregate.

I11. The hardening stage electrical response for concrete mixes:

(i) During this stage, with regard to the conductivity of the samples, it showed a
continuous decreasing trend through time in agreement with the expected decrease in

the sample porosity.

(if) The ionic concentration in the pore-water has been shown to have a significant effect
on the conductivity, particularly in high replaced mixes. This effect gave a false
indication about the development in the pore structure at ages < 50days when different
mixes are compared. Therefore, the formation factor has been used to ‘calibrate out’

this effect.

(iii) The permittivity of the samples showed different responses according to the used
measuring frequency, as at frequencies in the range between 100kHz-1MHz, a
conductivity-like behaviour is observed; however at higher frequencies,
5MHz-10MHz, the permittivity becomes less affected by the changes in the
conductivity and more influenced by the binder type.

(iv) At 5SMHz-10MHz frequency range, both the GGBS and the fly-ash showed higher
permittivity values than the PCC mixes which is contrary to what is expected for such
low conductivity materials. This has been attributed to the more disconnected pore
structure which increases the polarizability of the mixes through increasing the

solid/liquid interfaces.

(v) The electrical impedance of the cementitious materials has been modelled by a
proposed EEC, which represents the connected and disconnected capillaries pores. The
different decreasing rate between the connected path conductance and the
disconnected path, indicates a substitution process for the connected paths by the

disconnected ones through time. The high values of the permittivity for the replaced
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mixes has been related to the increase in the surface area of the surfaces of the pores
due to the increase in the tortuous length as well as the increase in the number of the
disconnected porosity.

(vi) A comparison between the durability ranking obtained from the NT Build 492
non-steady state diffusion coefficient, the electrical conductivity measurements and
the formation factor of the mixes has been performed. It has been shown that a strong
linear relation is obtained between the conductivity of the mixes and the Dnssm, which
is in contrast to the weak relation between the formation factor and the Dnssm. The
ranking of the mixes in the case of the formation factor is more based on the w/b
ratio. The difference between the Dnssm/conductivity ranking and the formation factor
ranking suggest the influence of the pore solution conductivity on the results of the
former ranking system; therefore, when using SCMs the difference between the two

ranking systems is highlighted due to the difference in the pore-solution conductivity.

7.2 Recommendations

The following recommendations for future work can be made:

(i) A considerable amount of information can be obtained from the permittivity response
during the initial 24-hrs hydration. Therefore, this parameter could be developed as a
quality control test in job sites similar to the conductivity, temperature-rise, and setting
time tests. From this study, the permittivity of the bulk phenomena can be obtained in
the range of 100kHz-1MHz. However, this is dependent on the cut-off frequency at
which the electrode polarization process relaxes. As has been shown, the effect of the
electrode polarization can be corrected analytically using an equivalent electrical
circuit. This correction procedure requires expensive/sophisticated impedance
analyser devices which might not be suitable for job sites. Therefore, using engineering
methods is more suitable in this case. This could be attained by using
standardised/specific electrodes shape, and using standard mould sizes during the early
hydration stage.

(if) The hydration of cement is a complex chemical reaction, in which all the phases are
contributing in this reaction. The interaction between the different phases affects the
reaction of the individual phases, as in the case of aluminate phase and gypsum, or in
the case of the alite and belite phases (Odler and Schippstuhl, 1982). Therefore, it is
useful to characterise the conductivity/permittivity response for the individual cement

phases as there is a paucity of information in this area.
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(iii) During the hardening stage, it has been shown in this study that the permittivity in
the frequency range 100kHz-1MHz gives a conductivity-like response through
hydration. On the other hand, the 5SMHz-10MHz permittivity response is more
dependent on the binder type, hence the modification in the pore structure which the
SCMs impose. It is useful to characterise the permittivity response within the ranges
at which the interfacial polarization process is expected to be operative (L0MHz-
100MHz). This can give useful insights on the development of the pore structure as
other polarization processes could be operative at higher frequencies. Incorporating
different SCMs and using parallel microstructural characterising tests such as MIP
and thermogravimetric tests will be useful in establishing a clear relation between this
high frequency range polarization processes and the pore sizes, pore size distribution,
total porosity, the connectivity of the pores as well as the reactivity of the different

binders.

(iv) As has been shown in this research, there is a discrepancy between the ranking
obtained from the formation factor ranking system and the Dnssm /conductivity ranking
systems. This has been attributed to the effect of the pore solution conductivity on the
Dnssm/conductivity ranking systems, particularly when using SCMs. This needs further
investigation as the majority of studies which have assessed the formation factor of the
mixes as a durability ranking system, have not used SCMs. Therefore, a comparison
between natural diffusion tests and the formation factor is required, the pore solution
contribution in both ranking systems will be eliminated as the natural diffusion test
does not depend on an electrical field in accelerating chloride penetration.

(v) In this study, the pore solution conductivity was obtained indirectly by using two
models, the first was to estimate the degree of hydration and the other to estimate the
pore solution conductivity. It would be useful if a direct pore-solution conductivity
measurement could be obtained. Literature has shown attempts to develop imbedded
sensors for measuring the pore solution conductivity (Rajabipour et al., 2007).
However, no data were presented to show the effect of SCMs on the pore-solution
conductivity by this sensor as the work focussed on Portland cement as a binder.
Therefore, it will be useful to develop more direct methods of measuring the pore
solution conductivity particularly in replaced mixes and compare the results with the

available models and the degree of hydration to assess the accuracy of the results. This
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is especially important in the case of SCM mixes as the pore-solution conductivity is

significantly different from the pure Portland cement mixes.
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ABSTRACT

The electrical properties of Portland cement, and cements containing
supptementary cementitious materials (SCM), were obtained over the frequency
range 1kHz-10 MHz during the initial 24 h after gauging with water. The response
was measured in terms of conductivity and permittivity with both parameters
exhibiting significant temporal changes during this period. It was also evident that
while the conductivity increased only marginally with increasing frequency of
applied electrical field, the permittivity decreased by several orders of magnitude
over this frequency range. Moreover, certain features of the permittivity response,
which are related to bulk polarization processes, only revealed themselves in the
higher fraguency range (100 kHz-1 MHz), and went undetected at lower
frequencies. The detailed frequency- and time-domain measurements atlowed
identification of several stages in the early hydration of cement-based materials and
the response can be interpreted in terms of hydration kinetics, physico-chemical
processes and microstructural development. It is shown that the methodology can
be equally applied to cement pastes and concretes.
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Introduction

Cement hydration, including hydrolysis, poly-condensation, and crystallization, is asso-
ciated with heat changes and the exothermal nature of the reaction is widely used to mon-
itor the early-age (<24 h) processes. However, the development of the microstructure is
not readily identifiable from the heat-flux profiles measured by conduction calorimetry
and additional tests such as scanning electron microscopy (SEM), environmental SEM,
backscatter electron (BSE) imaging, and X-ray diffraction can be used to provide support-
ing information on microstructural development. There is a need to develop a viable, com-
plementary testing methodology capable of continuously monitoring the setting and
hardening processes under non-isothermal conditions, as is the case in normal concreting
operations, and simultaneously providing information on microstructural development
and physico-chemical processes.

The use of electrical property measurements to study cement hydration is a devel-
oping field and such measurements have not been fully exploited in characterizing the
hydration process, although some early work was encouraging in this respect [1-3].
The intrinsic electrical properties of any non-magnetic material can be fully specified
by the frequency dependent parameters relative permittivity, ¢,(w), and conductivity,
o(w), which are dependent upon the polarization and conduction of bound and free
charges within the material. If the material is heterogeneous, &,(w) and o(w) will be
strongly correlated to the properties of the individual components and the way in which
they are combined. It is, therefore, possible to identify and characterize porous cementi-
tious materials by their electrical properties provided these are observed over a
wide-enough frequency range. A considerable amount of work has been presented on
the electrical properties of cementitious materials to study the hardening process
(i.e. periods >24 h). In a similar fashion, the electrical conductivity (and its reciprocal,
resistivity) of cement pastes has been used to study the initial 24 h of the hydration process
(see, for example, Refs. 4-16), although studies on the relative permittivity over the same
period are much more limited (see, for example, Refs. 17-21). An important aspect, and
limitation, of early-age measurements to date is that these are generally obtained at a fixed
frequency of applied electrical field or over a very limited frequency range. Regarding
the latter, conductivity measurements tend to be taken in the low kilohertz range
(100 Hz-10 kHz), whereas relative permittivity measurements are generally measured
in the gigahertz (GHz) region.

The conductivity of hydrating cement-paste is related to both the conductivity of
the pore fluid (hence, ionic concentration within the pore fluid) and the continuity and
tortuosity of the pore network. The relative permittivity, on the other hand, is
associated with polarization processes operative within the paste that are, themselves,
related to the mobility of charges adsorbed on the grain and crystal surfaces and at
crystal/pore-water interfaces. It is set against this background that this paper presents
a detailed electrical spectroscopy study on the early hydration of cementitious materi-
als to study hydration kinetics and physico-chemical processes. Complex impedance
data, from which conductivity, o(w), and relative permittivity, ¢,(w), are subsequently
derived, are acquired over the frequency range 1 kHz-10 MHz during the initial 24 h
after gauging with water. It is shown that a multi-frequency approach to electrical
property measurements can reveal more information than single-frequency
measurements.
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TABLE 1
Oxide analysis of cementitious materials.

By Weight % CEM I GGBS
$i0, 2095 3389
ALO; 52 13.96
Fe,0, 342 035
Ca0 59.86 38.03
MgO 225 877
K,0 0.6 067
Na,0 021 024

Experimental Program

MATERIALS AND SAMPLE PREPARATION
In the current work, the binders comprised a Portland cement (PC) clinker, CEM 1 52.5N
to EN197-1 [22] and CEM I (ASTM Type I) cement blended with ground granulated blast-
furnace slag (GGBS) to EN15167-1 [23] at 35 %, 50 %, and 65 % replacements levels. A
typical oxide composition of the materials is presented in Table 1. The water/binder (iw/b)
ratios for the plain CEM I paste samples were 0.30, 0.35, and 0.45; the pastes containing
GGBS had a fixed w/b ratio of 0.35. The mix proportions for the concretes used in the
experimental program are shown in Table 2 and comprised a plain CEM I cement con-
crete (PCC) and two concretes with 35 % and 65 % replacement levels of GGBS. A w/b
ratio of 0.45 was used to ensure workability without the need for the addition of plasticizer.
The paste samples were compacted into perspex cuboidal cells of internal dimen-
sions 50 mm x50 mm x50 mm, whereas the cells for the concrete samples were
150 mm X 150 mm X 150 mm. A pair of stainless steel electrodes, 2.4 mm in diameter
with a center-to-center spacing of 25 mm were embedded centrally inside the paste sam-
ples to a depth of 25 mmy; for the concrete samples, the center-to-center spacing was
75 mm embedded to a depth of 75 mm. Embedding the electrodes in this fashion ensured
intimate contact with the sample and reduced any interference with the natural distri-
bution of aggregate in the case of concretes. In addition, the internal temperature of the
samples was measured by embedding a thermistor within each sample at the time of
casting. The top surface of the cell was covered to prevent evaporation with tests carried
out in a temperature-controlled laboratory (22°C + 1°C).

ELECTRICAL MEASUREMENTS AND DATA PROCESSING

A Solartron 1260 frequency response analyzer (FRA) was used to perform a logarithmic
measurement sweep in the frequency range 1 kHz-10 MHz using 10 frequency points per
decade. Screened BNC coaxial leads were used to connect to the FRA, whereas at the sam-
ple end, connection to the electrodes was by means of alligator clips. The impedance of the

TABLE 2

Concrete mixes used in experimental program.

Mix wib CEM I (kg/m) GGBS (kg/m?) 20 mm (kg/m?) 10 mm (kg/m’) Fine (<4 mm) (kg/m’)
PCC 045 339 0 781 390 781

GGBS35 0.45 220 118 778 389 778
GGBS65 045 118 219 776 388 776
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sample (see Eq 1 below) was taken at each test frequency. Because of the low electrical
impedance of the samples during the early stages, lead inductive and stray capacitance can
degrade measurements as the frequency of the electrical field increases. In this work, these
effects were “nulled” from the measurements at each test frequency by utilizing a mea-
surement conversion protocol implemented in Microsoft Excel that is based on two sets of
calibration data that had been acquired prior to the start of testing, which comprised

1. An open-circuit sweep: electrical measurements with air between the electrodes in
the test cell, and

2. A short-circuit sweep: electrical measurements with the electrodes connected by a
small stainless steel shorting bar.

From this sequence of measurements, the true sample impedance, Z(w), at each test
frequency was obtained from the measured data. It should be noted that because of the low
impedances being measured, even using this nulling protocol results in excess of approx-
imately 5 MHz showed increased scatter and for that reason only data up to 1 MHz are
presented. Measurement sweeps were initiated on a 4-min cycle throughout the initial 24 h
after gauging.

The impedance, Z(w), of the sample, obtained as above, can be written as,

Z(w)=2"(0) - iZ"(w) 0]

where:

Z'(w) = the in-phase or resistive component, and

Z"(w) = the quadrature or reactive component.

At any angular frequency, o, the electrical response of such a system will result from
the superposed phenomena of conduction and polarization (discussed below). These are
quantified, respectively, by the bulk conductivity, o(w), and relative permittivity, ,(w),
which are obtained from the impedance through the following relationships,

B Z'(o) L .

o) = (Z’(w)2 + Z”(w)2> A o
o Z'w) L

()= ) (Z’((u)2 - Z"(w)2> A H

where:

€, = the permittivity of a vacuum (8.854 X 10~" Farads/m), and

LIA = a factor that is related to the electrode geometry and sample configuration.

As the electrical field between the electrodes is non-uniform, the geometrical factor
L/A in Eqs 2 and 3 cannot be readily calculated and was evaluated by calibrating the elec-
trode array using a liquid of known electrical properties. For the electrode arrangements
used in the current work, the geometrical factor L/A was evaluated as 41.67 m~! for the
paste electrode arrangement, and 17.3¢ m™" for the concrete electrode arrangement,
Regarding the relative permittivity, it was found that this can change by more than four
orders of magnitude over the frequency range 1 kHz-10 MHz. To present the responses on
a single figure, the “normalized” permittivity, ex(w) at frequency o, was used and is
defined this as the ratio of the relative permittivity at time, f, after the start of the test,
&,(®), to the relative permittivity at the start of the test, &,,(w) (i, time, = 0), hence,
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)

Results and Discussion

PRELIMINARIES

The response of the cementitious system to an alternating electrical field will be directly
related to both conduction and polarization processes operative within the material. The
permittivity, &,(w), is a measure of the polarizability of the system and, at a particular
frequency of applied field, quantifies the sum total of all polarization processes operative
at that frequency. Polarization can be described as the displacement of opposite charges in
parallel with an applied electric field from their zero-field equilibrium position. Several
mechanisms contribute to polarization and each mechanism has a characteristic relaxation
frequency. As the frequency increases, the slower (i.e.,, low-frequency) polarization mech-
anisms are unable to follow the alternations of the applied electrical field and, therefore, are
unable to contribute to the permittivity. This results in a decrease in permittivity with
increasing frequency (ie., relaxation). With reference to Fig. 1, typical polarization
processes include:

1. Double-layer polarization (Fig. 1a), which arises from the displacement of the double-
layer counterion cloud relative to the charged particle in response to the applied elec-
tric field. This can induce large dipoles, which will give rise to a high capacitance,
hence, permittivity. Double-layer polarization is a low-frequency mechanism [24,25].

2. Interfacial or space charge polarization (Fig. 1b) occurring in heterogeneous systems
when more than one material component is present and when translating charge
carriers become trapped or blocked at the interfaces within the material. This results
in an accumulation of charges thereby increasing the overall capacitance of the
system. This is an intermediate frequency mechanism (high kHz-MHz) [26].

Conductivity can be regarded as a measure of all loss processes operative within the
material and quantifies the energy dissipated by the motion of free charges in an applied
electric field. Within the dynamic range under consideration, this would be dominated by
the movement of ions in the continuous, water-filled capillary pore network (i.e., jonic
conduction process); however, losses associated with relaxation/dispersion of the polari-
zation process (i.e., double-layer and interfacial) will also contribute to the conductivity.
The cumulative effect of these losses would result in an increase in conductivity with
increasing frequency; hence, the conductivity, o(w), can be written more completely as,

o(0) = o4(w) + 6(0) )

where:

o (0) = the low-frequency (ionic) conductivity, and

o4(@) quantifies the losses resulting from dissipative polarization processes.

Conduction and polarization processes will thus be intimately related to pore-fluid
chemistry, surface reactivity, hydration, and the continuously evolving microstructure and,
as a consequence, they will not only frequency-dependent but also time-variant. It should
also be noted that, in addition to the bulk polarization phenomena detailed in Fig. 1, elec-
trode polarization also manifests itself in the low-frequency range. This is a well-known
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FIG. 1 Schematic diagram showing (a) double-layer polarization, and (h) interfacial (or space-charge) polarization.
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phenomenon that takes place at the interface between a metallic electrode and an ionically
conducting material and is a result of the accumulation of a spatial charge on the surface of
electrodes. Electrode polarization effects are generally avoided by using a sufficiently high
frequency of applied electric field.

GENERAL OBSERVATIONS AND SALIENT FEATURES
Note that in the figures discussed below, for reasons of clarity, only every tenth measure-
ment point is highlighted in the figures.

CEM | Mixes

Fig. 2a presents the conductivity, 6, for the Portland cement pastes at the three
water/binder ratios during the initial 24 h after gauging, with measurements presented
at a frequency of 100 kHz, this frequency being a priori optimized to ensure electrode
polarization had a negligible effect on measurements and the bulk response was obtained.
Fig. 2b presents an enlargement of the response over the initial 2,5 h. Considering
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Fig. 2a and 2b, similar features are clearly evident on all three curves, although the time at
which they occur and their prominence are related to the w/b ratio. In general terms, the
curves can be divided into two distinct regions: a period of increasing conductivity reach-
ing a maximum within 1.0-1.5 h followed by a period of decreasing conductivity over the
remainder of the test period. For comparative purposes, Fig. 2¢ shows the change in
temperature within the pastes, with the increase in temperature resulting from the setting
process. Fig. 2¢ is not dissimilar to the rate of heat output from conduction calorimetry
studies, although the work presented here was carried out under conditions that were more
semi-adiabatic than isothermal (and, therefore, more representative of practice).

By considering the rate of change of the conductivity [27] over the test period, these
two regions can be further subdivided. Fig. 3a shows the derivative, do/dt, of the curves
presented in Fig. 2a over the initial 15 h. For illustrative purposes, Fig. 3b presents both
the conductivity and its derivative (do/dt) versus time curves for the w/b = 0.35 paste,
Because of the short time interval between measurements, considerably more detail
can be detected than has hitherto been obtained such that within the 24-h test period,
six regions in the conductivity response, and their derivatives, can now be delineated
and denoted I-VI:

Region I: an initial period of rapidly increasing conductance that reduces markedly
after approximately 30 min;

Region I1: is characterized by a period of slowly increasing conductance and continu-
ally reducing do/dt, which culminates in a global maximum in conductivity at approxi-
mately 1.5 h after gauging, although its time of occurrence depends on the w/b ratio,
increasing with increasing /b ratio. The conductivity maximum signifies the start of
the continual decrease in conductivity (i.e.,, negative do/dt values);

Region I1I: this is a short-lived region of rapidly decreasing conductivity occurring
over the period 1.5-2.0 h and results in a local minimum on the do/dt curve;

FIG. 2 (a) Conductivity response during the initial 24 h for CEM | cement pastes, (b) enlargement showing initial 2.5 h after mixing
(note: legend as in (a)), and (c) variation in internal temperature of CEM | cement pastes.
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FIG. 3 (a) Derivative of curves in Fig. 2a, and (b) conductivity and derivative for w/b = 0.35 paste, indicating Regions I-VI.
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Region IV: the period 2.0-6.5 h represents a region of decreasing conductivity; do/dt
values reduce (ie., become more negative) over the period 2.0-4.0, attaining an almost
constant value over the remainder of this period;

Region V: this region (6.5-9.5 h) is identified as a region over which a “shoulder” or
“saddle” develops in the conductivity curve, which manifests itself as a local maximum on
the do/dt curve; and,

Region VI: this region (>9.5 h) occurs at the point where the do/dt curve starts to
increase (i.e, gradient becomes less negative) with time with the conductivity gradually
reducing over the remainder of the test period.

Fig. 4 shows the change in normalized permittivity, ex(e), over the 24-h test period
for the three /b ratios; Fig. 4b also indicates the times over which the six regions occur as
identified from the conductivity response in Fig. 3b for the w/b = 0.35 paste. Although
measurements were recorded at 40 frequencies at every time step, for clarity, ey is pre-
sented at five spot frequencies extending over three orders of magnitude: 1 kHz, 100 kHz,
200 kHz, 500 kHz, and 1 MHz. It should be noted that, although the relative change in
permittivity is presented for each w/b ratio on Fig. 4, the absolute values of permittivity
decrease by almost three orders of magnitude as the frequency increases from 1 kHz to
100 kHz and by a factor of approximately 25 as the frequency increases from 100 kHz to
1 MHz. Table 3 presents initial permittivity values (¢, ,(@)) for the plain cement pastes.

Fig. 4 clearly highlights the effect of the applied frequency on the response; at low
frequencies (i.e,, 1 kHz), the permittivity response virtually mimics the change in conduc-
tivity presented in Fig. 2a. However, as the frequency increases, several features are
revealed, which become more defined with increasing frequency and, to highlight these,
Fig. 5a shows the ey value for the cement pastes at 1 MHz. From this figure, a number of
peaks (or local maxima) can be detected with each peak signifying an increase in
polarizability of the paste. The first peak (denoted P; on this figure) is only detected
in the paste with w/b = 0.45 and coincides with the time at which the maximum value
in conductivity occurs; for comparison, the time at which the conductivity maximizes for
the w/b =030 and 0.35 pastes is indicated on the respective permittivity curve.
All responses display a peak (denoted P,), which develops within the time period
2.5-6.0 h for w/b = 0.30, 3.5-7.0 h for w/b = 0.35, and 4.0-7.0 h for w/b = 0.45. An
additional peak (denoted P5) occurs at approximately 9.0 h for w/b = 0.30, 10.5 h for
wib = 0.35, 145 h for w/b = 045, although P; is only weakly developed for the
w/b = 0.30 and 0.35 pastes. Fig. 5b presents an enlargement of the w/b = 0.35 paste
at 1 MHz, which is further discussed below.
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FIG. 4 Normalized permittivity at frequencies for CEM | pastes: (a) w/b = 0.3, (b) w/b = 0.35, and (c) w/b = 0.45.
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GGBS Mixes

Fig. 6 shows the conductivity (Fig. 6a) and its derivative (Fig. 6b) for the pastes with slag
replacement levels of 35 %, 50 %, and 65 % (/b = 0.35) during the initial 24 h. This figure
is similar to Figs. 2a and 3a in terms of the overall profile and features, although the
absolute values of the conductivity and do/dt are much reduced. It is apparent that
the addition of slag reduces the value of the early conductivity peak; the pure
Portland cement mix recorded a maximum value of 1.70 S/m (w/b = 0.35), whereas
replacement levels of 35 %, 50 %, and 65 % GGBS obtained maximum values of
1.16 S/m, 1.11 S/m, and 0.87 S$/m, respectively, which indicates an inverse relationship
between conductivity and the slag replacement level during the early stages of hydration,
whereas at times in excess of ~13 h this relationship reverses. This indicates a reduction in
fonic concentration within the interstitial aqueous phase during the early stages and an
overall reduction in hydration process and reaction kinetics with increasing level of
replacement at the latter stages of the 24-h test period.

Again, for illustrative purposes, Fig. 6¢ shows both the conductivity, and its deriva-
tive, for 50 % GGBS replacement over the initial 15 h with the six regions, discussed above
in relation to plain cement paste, are indicated in this figure. Comparing the GGBS mix
with the plain cement paste in Fig. 3b, it is evident that the addition of GGBS causes an

TABLE 3

Initial permittivity values (e,o(w)) for cement pastes at frequencies shown in Fig. 4.

w/b 1 kHz 100 kHz 200 kHz 500 kHz 1 MHz
030 9.55x 10° 9.06 % 10° 276X 10° 8.90 X 102 404x 107
035 8.01x 10° 9.28%10° 345%10° 1.05 x 10° 5.32x 107
045 759 10° 125x 10* 412x10° 9.70 X 10° 3.96x 107

Advances in Civil Engineering Materials

265



74

TAHA ET AL. ON PROPERTIES OF CEMENT-BASED MATERIALS

FIG.5 Normalized permittivity (1 MHz) for CEM | pastes: (a) w/b = 0.30, 0.35, and 0.45, and (b) w/b = 0.35 showing Regions I-VI and
weakly developed peak, P’,.

1.0

0.9

0.8

0.7

0.6

0.5

T T
08 . — T
. ! o)
[ '
. [===
: f— wi=03s
0.7} Pt ! ]
EE 1
P 1 1 1 P
o ' 1 3
' 1 1
0.6 ] ! ]
L
I\l [ ,‘\\
T
1 2
05 g uasa Poge g oy i s oy
0 5 10 15
e (1
Time (h) Time (h)

increase in the duration of Region III and, from the do/dt curve, a broader maximum
occurring within Region V. Fig. 6d presents the change in internal temperature of the
GGBS samples.

Fig. 7 shows the change in the normalized permittivity over the initial 24 h for the
three GGBS replacement levels at the indicated frequencies. Peak, P is observed over the
frequency range 1 kHz—-200 kHz and peak, P,, is discernible in the 100 kHz-1 MHz range,
although it appears as a shoulder on the curve at 1 MHz; P; also appears as a shoulder on
the permittivity response at 35 % replacement level and is not discernible at 50 % and 65 %
replacement. A further feature evident from Fig. 7b and 7c (i.e., 50 % and 65 % replace-
ment) concerns the response at I MHz whereby the relative permittivity increases mono-
tonically at times in excess of ~3 h. This feature is observed, to some extent, at 35 %
replacement (Fig. 7a) although after ~20 h, values plateau. Fig. 7b also indicates the

FIG. 6 (a) Conductivity response during initial 24 h for GGBS pastes, (b) derivative of curves in (a), (c) conductivity and derivative for
50 % GGBS paste indicating Regions I-VI, and (d) variation in internal temperature of GGBS pastes.
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FIG. 7 Normalized permittivity for GGBS pastes: (a) 35 %, (b) 50 % with Regions I-VI indicated, and (c) 65 % (use right-hand axis for
1-MHz curve; shown in (b)).
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Regions I-VI identified from the conductivity response presented in Fig. 6¢ for 50 %
GGBS. Table 4 presents the ¢,, values for the GGBS pastes. When compared to
Table 3 (0.35 w/b paste), the values are much lower, which would be attributable to
the reduced ionic concentrations.

Concrete Mixes

Fig. 8a shows the conductivity and Fig. 8b the do/dt curve for the concrete mixes shown
in Table 2; comparative internal temperature measurements for the concretes are shown
in Fig. 8c. Fig. 9 shows the normalized permittivity. When compared to the respective
paste, the addition of aggregate results in a reduction in the absolute values of both con-
ductivity and permittivity (Table 5 shows the ,,(w) values for the concretes). When com-
pared to Table 3 (0.45 w/b paste), the values are much lower, which is to be expected as
the aggregate itself will have a low conductivity and permittivity in comparison to that of
the paste. However, the features identified from the pastes are still evident in the respective
concretes but not as prominent because of a dilution effect; Regions I-V1 discussed above
are also distinguishable although they are lengthened in comparison to the pastes because
of the slower hydration process resulting from the reduced overall paste content. This
indicates that the electrical response of concrete is controlled by the fractional volume
of cementitious matrix [28].

INTERPRETATION OF ELECTRICAL RESPONSE

Both the conductivity and the relative permittivity have the potential to reveal information
on pore—fluid chemistry, chemical activity on grain surfaces, the formation of hydration
products, hydration kinetics, and increase in rigidity of the paste. The following sections
interpret the electrical response in terms of physico-chemical and microstructure building
processes and in relation to Regions I-VI identified above.
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Initial permittivity values (e, o(w)) for GGBS pastes at frequencies shown in Fig. 7.

w/b 1 kilz 100 kHz 200 kHz 500 kHz 1 MHz
35 % GGBS 650% 10° 546x 10° 172x 10° 347x 107 97.5
50 % GGBS 603 % 10° 459% 10° 145 % 10° 284 x10° 70.7
65 % GGBS 476 x 10° 196 10° 6.12x 10 104 x 10 14.2

CEM | Mixes
The discussion below relates to Figs. 3b, 4b, and 5b for w/b = 0.35 and are used for
illustrative purposes.

Region I: 0 h-0.5 h

As the cement is gauged with water, a rapid dissolution (hydrolysis) of ions from the
cement grain surfaces takes place, with the different mineralogical phases and calcium
sulfate contributing to the pore-solution chemistry of the bulk electrolyte. The aqueous
phase contains, primarily, Na*, K*, Ca**, $0,%", and OH™, which increases with time and
is reflected in the rapid increase in the conductivity of the paste in Region I (Fig. 3b).

The permittivity (Fig. 4b) displays a somewhat anomalous response; at low frequen-
cies (1 kHz), the permittivity increases, whereas at higher frequencies (>100 kHz), it is
seen to decrease. On mixing with water, a colloidal suspension is formed and a diffuse
electrical double layer, through adsorbed calcium ions and counterions, will be quickly
established on the grain surface. Polarization of the double layer (Fig. 1a) can induce large
dipole moments, hence, large permittivity values; however, superimposed upon this proc-
ess will be electrode polarization effects that can also result in high permittivity values, We
are of the opinion that the low-frequency (I kHz) permittivity response is dominated by

FIG. 8 (a)Conductivity response during initial 24 h for concretes in Table 2, (b) derivative of curves in (a), and (c) variation in internal

temperature of concretes.
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FIG. 9 Normalized permittivity for concretes in Table 2: (a) PCC, (b) GGBS35, and (c) GGBS65 (shown in (b)).
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cement grain surface reducing ionic mobility in the double layer.

Region II: 0.5 h-1.5 h

opposing processes:

TABLE 5
Initial permittivity values (e,o(w)) for concretes presented in Fig. 9.

electrode effects that masks bulk polarization processes; however, the electrode polariza-
tion effect must itself be related ionic concentration in the pore water at the specimen/
electrode interface [29-31]. As the frequency increases, electrode effects diminish rapidly
to reveal the response from the bulk material. Evidence for the rapid reduction in electrode
polarization effects comes from the fact that the permittivity decreases by almost three
orders of magnitude as the frequency increases from 1 kHz to 100 kHz. However, as
the frequency increases from 100 kHz to 1 MHz, ions in the diffuse double layer find
it increasingly more difficult to move in sympathy with the alternations of the electrical
field, which results in a continual reduction in permittivity with increasing frequency.
The temporal reduction in permittivity at frequencies in the range 100 kHz-1 MHz
would be as a result of the gradual formation and build-up of a gelatinous coating on the

Within this region, the conductivity continues to increase (Fig. 3b); however, it is notice-
able that there is a gradual reduction in do/dt and the permittivity in the frequency range
100 kHz~1 MHz continues to decrease with time. This could be explained by invoking two

1 kHz 100 kHz 200 kHz 500 kHz 1 MHz
PC 211x10° 125% 10 81.6 333 192
GGBS35 127 % 10° 102x 10 933 55.1 364
GGBS65 6.62% 10" 543 55.1 317 237
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1. The continual dissolution of the cement grains which serves to increase the ionic
concentration within the bulk pore fluid, thereby increasing conductivity and low-
frequency permittivity (1kHz); and

2. The continual build-up of hydration products on the grain surfaces hindering the
dissolution process and removing ions from solution thereby causing a decrease in
doldt of the paste. The build-up of gel (AFt and C-S-H) on the grain surfaces would
reduce the permittivity (Figs. 4b and 5b) because of reduced ionic mobility in the
double layer.

Region III: 1.5 h-2.0 I
This short-lived region displays a marked decrease in conductivity that results in a tran-
sitory minimum on the do/dt curve (Fig. 3b); over the same period, the permittivity
(Fig. 4b) continues to decrease. We are of the opinion that the cause of this feature is
as a result of the precipitation of calcium hydroxide. It is noteworthy that this feature
has also been observed in dilute suspensions of C,S with water/solids ratios in the range
5-50 [32,33] and Type I ordinary Portland cement pastes [11]. The end of the region is
characterized by a reducing rate of change of conductivity (ie., do/dt becomes less
negative).
Region 1V: 2.0 h-6.5 h

This precipitation process occurring with within Region IIT appears to trigger a decrease in
conductivity within Region IV and it is over this region that the paste starts to increase in
rigidity and the change from an amorphous to crystalline hydrate morphology. It is also
evident from Fig. 4b that after approximately 3 h, the permittivity of the paste increases
peaking at approximately 5 h, which is at a time when the conductivity is undergoing its
greatest rate of change. It is also significant that this feature becomes more prominent with
increasing frequency of applied field, and to highlight this, Fig. 5b presents an enlarge-
ment of response at 1 MHz, We attribute the increase in polarizability (hence, permittivity)
of the paste to the nucleation and outgrowth of C-S-H “needles” from CsS surfaces; this
would simultaneously result in

1. A more tortuous electrolytic conduction path, thereby decreasing the conductivity;
and

2. A rapid (and short-lived) increase in the surface area of the C-S-H, which would
promote both double-layer polarization processes on the C-S-H surface and, per-
haps more significantly, interfacial polarization processes as hydrates grow into the
aqueous phase. Hydrate accretion and infilling of the capillary pore space would
then serve to reduce the polarizability of the paste.

By the end of this region, a percolated solid phase will have formed.

Region V: 6.5 h-9.5 h
This region is characterized by a shoulder in the conductivity response with a resulting
peak in the do/dt curve (see Fig. 3b). Over the same period, the permittivity curve pre-
sented in Fig. 4b also displays a shoulder at low frequencies; however, as the frequency of
the applied field increases, this changes to a plateau region at 1 MHz. On closer exami-
nation of the response at 1 MHz, this plateau is a weakly developed peak and is indicated
by P; on Fig. 5b.
The conductivity curve could be explained by considering the following:

1. As the cement paste hydrates, its porosity decreases with the pore network becoming
more tortuous, constricted, and disconnected as a crystalline network is formed. As
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conduction will be primarily electrolytic in nature via the continuous capillary pores,
this will result in a decrease in conductivity; and

2. Increasing in ionic concentration within the pore-water, which would have the effect
of increasing the bulk conductivity. This could be a result of the renewed dissolution
of the C3A phase and the formation of ettringite resulting from the reaction of the
aluminate phases, which releases alkalis bound up in this phase [34,35] coupled with
the desorption of sulfates from the C-S-H [36].

Considering (1) and (2), it could be inferred that microstructuaral changes causing a
reduction in conductivity are having a greater influence than changes in porefluid chem-
istry, which would increase the conductivity. Release of ions into the pore water would also
serve to increase polarizability, hence, permittivity [37]. As a pore network has been
formed within the paste, in addition to double-layer polarization, interfacial polarization
processes (see Fig. 1b) will contribute to the overall polarizability of the paste and causing a
transitory increase in permittivity as continuing microstructural changes reduce ionic
mobility.

Region VI: 9.5 h, end of test period

This region is characterized by a continual decrease in conductivity (Fig. 3b) with the rate
of change decreasing with increasing hydration time. The permittivity response is, as with
Region V, frequency dependent at frequencies <500 kHz; the permittivity decreases with
time indicating a decrease in polarizability of the paste because of an irrotational binding
of double-layer charges. The response at 1 MHz (Fig. 5b) reveals an increase in permit-
tivity over this time period, peaking at approximately 11.5 h (this peak, P5, is more evident
for the paste with /b = 0.45 in Fig. 5a). The increase in polarizability could be attributed
to increased interfacial processes at crystal boundary interfaces within the pore structure
(Fig. 1b), resulting from an increase in ionic concentrations in the pore fluid. Interfacial
polarization is a higher frequency process than double-layer effects; hence, they only
become more prominent as the frequency increases. As with Region V, this could be
as a result of the transformation of AFt to AFm with the release of Ca®* and SO~
(Eq 6) and reaction on the C3A phases (Eq 7) releasing alkalis bound up in them:

C4AS;Hy, = C,ASH,, + 2CaSO, ®

C4AS;Hy, + 2C5A + 4H - 3C,ASH,, ”

There is no detectable increase in conductivity caused by release of ions into the pore
network, so it could be inferred that microstructural changes in the pore network because
of hydration are now having a more dominant influence on the conductivity of the paste
than changes in pore~fluid chemistry.

GGBS Mixes

The electrical response of the GGBS presented in Figs. 6 and 7 is similar in many aspects
to the response for the Portland cement pastes as six regions can also be identified during
the initial 24 h after gauging. However, as noted above, the duration of some of the regions
identified from the conductivity response (and its derivative) is increased in comparison to
the pure cement paste (in particular, Regions IIl and V). For illustrative purposes, Fig. 6¢
identifies the regions for the 50 % GGBS (/b = 0.35) from the conductivity response and
Fig. 7b presents the permittivity with Regions I-VI indicated. The most striking difference
between the pure cement paste and the GGBS pastes concerns the permittivity response,
and the following should be noted:
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1. The merging of peaks P, (reaction on C,;S phase and CSH formation) and P;
(renewed dissolution on the C;A phase and AFt formation) into a single broader
peak spanning across Regions IV and V; and

2. Within Regions V and VI, at 500 kHz and 1 MHz, the polarizability of the paste
increases with time, and is particularly evident at 1 MHz (note: right-hand axis for
1-MHz scale). As before, at these higher frequencies we attribute this to an increase
in interfacial polarization effects resulting from the AFt—AFm transformation and
subsequent release of ions into the pore water. At frequencies <200 kHz, the polar-
izability of the paste will be dominated by double-layer polarization processes, which
will decrease with time because of densification of the crystalline network and con-
sequent reduction in charge mobility.

Concrete Mixes

Fig. 8a presents the temporal change in the conductivity over the initial 24-h hydration, with
the corresponding derivative presented in Fig. 8b. It is immediately evident that the key
features identified from the pastes earlier are still visible, albeit much less pronounced. It
is also evident the absolute values of conductivity of the concrete mixes are considerably lower
than those of the respective pastes, decreasing by a factor of approximately 6. This simply
reflects the diluting effect of the aggregate reducing the volume fraction of cement paste. The
derivative curves presented in Fig. 8b are also similar to those observed eatlier from the
pastes (see Figs. 3a and 6b). The features of the normalized permittivity presented in
Fig. 9a-c compare well with those observed from the paste samples (see Figs. 4c and
7a-c) although absolute values of permittivity are much reduced (see Table 5).

Concluding Remarks

Conductivity and permittivity measurements have been presented over the frequency
range 1 kHz~1 MHz for cement pastes and concretes, with and without GGBS replace-
ment. Work focused on the initial 24 h after mixing with water and it was shown that the
response at the permittivity level was frequency-dependent and related to polarization
processes within the cementitious matrix. Permittivity measurements decreased by over
four orders of magnitude as the frequency increased from 1 kHz to 1 MHz and features of
the permittivity response, which were masked at low frequencies, only revealed themselves
at higher frequencies. Over this frequency range, the main polarization processes operative
were electrode polarization, which was dominant at frequencies less than 10 kHz, whereas
double-layer polarization and interfacial polarization dominated in the 100 kHz-1 MHz
frequency range. Over the frequency range 100 kHz-1 MHz, the conductivity increased by
less than 15 %, the increase being a result of the relaxation of bulk polarization processes.

During the initial 24 h after mixing with water, six regions could be identified from
both conductivity and permittivity measurements with measurements explained in terms
of through-solution mechanisms (i.e., dissolution, precipitation), C-S-H and AFt forma-
tion and AFt to AFm transformation. It was also shown that concrete mixes exhibit similar
features to those of the respective pastes, although the absolute values are consistently
much lower, which can be attributed to the diluting effect of the low-conductivity and
low-permittivity aggregate.

The methodology can be equally applied to concretes and there is considerable
scope for development of multi-frequency impedance measurements within the range
10 kHz-1 MHz as an additional testing technique to study the early hydration of cementi-
tious materials generally. Furthermore, the work allows optimization of the frequency at
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which electrical impedance measurements are most informative with regard to hydration
and microstructural development.
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Abstract
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CrossMark

Ac impedance spectroscopy measurements are used to critically examine the end-fo-end
{two-point) testing technique employed in evaluating the bulk electrical resistivity of concrete.
In particular, this paper focusses on the interfacial contact region between the electrode

and specimen and the influence of contacting medium and measurement frequency on the
impedance response. Two-point and four-point electrode configurations were compared and
modelling of the impedance response was undertaken to identify and quantify the contribution
of the electrode-specimen contact region on the measured impedance. Measurements are
presented in both Bode and Nyquist formats to aid interpretation. Concretes mixes conforming
to BSEN206-1 and BS8500-1 were investigated which included concretes containing the
supplementary cementitious materials fly ash and ground granulated blast-furnace slag. A
measurement protocol is presented for the end-to-end technique in terms of test frequency and
electrode—specimen contacting medium in order to minimize electrode—specimen interfacial

effect and ensure correct measurement of bulk resistivity.

Keywords: concrete, supplementary cementitious materials, ac impedance, two-point

electrode, four-point electrode

{Some figures may appear in colour only in the online journal)

1. Introduction

The addition of water to Portland cement (PC) clinker pro-
duces a series of complex hydrolysis and hydration reactions
causing a transformation of the viscous suspension of cement
particles toa porous solid. The microporous nature of hardened
cement has a significant influence on its permeation properties
and, consequently, has implications for the durability and per-
formance of cement-based materials such as concrete. One of
the most serious problems (worldwide) associated with rein-
forced concrete structures is corrosion of the reinforcing steel
due to the ingress of chloride ions—either from the marine
environment or from de-icing salt used on roads for winter
maintenance purposes. In the design of durable concrete
structures, there exists a need to determine those character-
istics of concrete which promote the ingress of gases and/or

0957-0233/15/085007+13833.00 1

liquids containing dissolved contaminants, and to define the
performance of a concrete in terms of an easily measured
parameter. Regarding the durability of concrete, strength
per se is not a requirement, and properties such as absorption,
diffusion and permeability are more important in this respect
[1]. The permeation properties of concrete are intimately
linked to the capillary pore network within the cementitious
matrix which, in turn, will be influenced by the cement con-
tent, the water content and the addition of admixtures and
supplementary cementitious materials (SCM) such as fly ash
(FA) and ground granulated blast-furnace slag (GGBS).

As the flow of water under a pressure gradient (hence per-
meability) or the movement of ions under a concentration
gradient (hence diffusivity) is analogous to the conduction
of electrical current under a potential gradient, the electrical
properties of concrete (namely resistivity or its reciprocal,

©2015 I0P Publishing Ltd  Printed in the UK
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Table 1. Suggested ranges for concrete durability classification
(adapted from [6]).

Table 2. Empirical concrete resistivity thresholds for protection of
embedded steel reinforcement (adapted from [11, 12]).

Durability class Chloride resistivity index (Qm) Resistance to corrosion Resistivity (Qm)
Excellent >13.0 Low <50

Good 6.50-13.0 Moderate/low 50-100

Poor 4.00-6.50 High 100-200

Very poor <4.00 Very high >200

Note: In this test, specimens are vacuum saturated with 5.0M NaCl solution
prior to the measurement.

conductivity) are being increasingly considered as a ‘dura-
bility index’ for assessing the long-term performance of
concrete structures (see, for example, [2-10]). Furthermore,
as capillary pore tortuosity, pore connectivity and pore con-
striction all influence the electrical properties of concrete, an
electrical property measurement could thus quantify those
microstructural characteristics which are of importance in
assessing the durability of concrete structures. Tables 1 and 2
[6, 11, 12] present a concrete durability classification system
based on electrical resistivity measurements.

In the development of standardized procedures for the
measurement of the electrical properties of concrete—resis-
tivity/conductivity in this instance—an ac end-fo-end or two-
electrode test method is normally used with contact between
the concrete specimen and electrodes via water-saturated
sponges [2, 13]. In terms of the ac test frequency, no par-
ticular value is specified, although a frequency in the range
50-100Hz has been recommended [13, 14]. In the measure-
ment of concrete resistivity using two- and four-electrode
methods, a frequency in the range 50Hz-1kHz has also been
suggested [15]. More specifically, frequency values of 108 Hz
[2], 128 Hz [16] and 107Hz and 120Hz [17] have been used
for two-electrode measurements.

As electrical property measurements—bulk resistivity in
this instance—could, ultimately, be developed and exploited
as an important concrete durability indicator, evaluation of
this parameter is of considerable importance. This paper criti-
cally examines the end-to-end technique used for bulk resis-
tivity measurements. Of particular interest in the current work
is the influence of the electrode—specimen contact region on
the measured electrical impedance and, to this end, electrical
impedance spectroscopy is used with measurements taken
over the frequency range 1 Hz-10MHz.

2. Experimental programme

2.1. Materials and sample preparation

The concrete mixes used within the experimental programme
are presented in table 3. The cementitious binders! comprised
PC clinker, CEM I 52.5N to EN197-1 [18]; CEM I cement
blended with GGBS to EN15167-1 [19]; and CEM I cement
blended with low-lime FA to EN450-1 [20]. An oxide anal-
ysis of these materials is presented in table 4. Crushed granite
aggregate, both coarse and fine, was used throughout together

! The binder comprises the total cementitious content of the concrete mix
ie.PC and SCM.

with a mid-range water reducer/plasticizer (SikaPlast 15RM)
conforming to EN934-2 [21]. The PC and SCMs were com-
bined in the concrete pan-mixer. Regarding reinforced con-
crete structures, the range of mixes presented in table 3, in
terms of binder content, binder composition, water—binder
{(w/b)ratio and grade strength satisfy (or exceed) the minimum
requirements specified in Eurocode EN206-1:2000 [22] and
British Standard BS8500-1 [23] for environmental exposure
classes XC (corrosion induced by carbonation), XS (corro-
sion induced by chlorides from seawater) and XD (corrosion
induced by chlorides other than seawater, e.g. de-icing salt)
for an intended working life of 100years, with a minimum of
0.05m cover-to-steel.

Samples were cast as 0.15 x 0.15 x 0.15m® cubic speci-
mens in steel moulds and a total of three were cast for each mix
intable 3; six 0.10 X 0.10 x 0.10m? cubes were also cast for
compressive strength tests at 28 d and 180d and are presented
in table 3, denoted, respectively, Fog and Fig. Specimen
sizes conformed to EN12390-1 [24] and made in accordance
with EN12390-2 [25] and were thus considered sufficiently
large to ensure that local inhomogeneities would not have
any appreciable influence on the bulk impedance response;
compressive strength testing was carried out in accordance
with EN12390-3 [26]. Stainless steel pin-electrodes were
positioned centrally within each sample at the time of casting
which ensured intimate contact between the electrodes and the
surrounding concrete. Each electrode comprised a 0.0023m
diameter stainless-steel (s/s) rod (approximately 0.10m in
length); the rod was sleeved with heat-shrink insulation to
expose a 0.01 m length of tip with the centre-to-centre spacing
between the electrodes being 0.075 m. These electrodes were
used for four-point electrical measurements, discussed below.
A thermistor was attached to one of the electrodes to allow
the cube temperature to be recorded. Samples were stored in
a curing tank (21 + 2°C) until required for testing which,
for the current work programme, was at approximately
36 months. At this age, the change in resistivity/conductivity
due to hydration will be negligible [27]; furthermore, it is only
at such longer time-scales that the influence of the FA and
GGBS on pore structure becomes evident.

2.2. Electrical measurements and data acquisition

Two-point electrical impedance measurements were
obtained on each sample using a Solartron 1260 frequency
response analyser (FRA). The signal amplitude used in the
experimental programme was 350mV with the impedance
measured over the frequency range 1 Hz-10MHz using a
logarithmic sweep with 10 frequency points per decade. The
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Table 3. Summary of concrete mixes.

Fine

CEMI  GGBS  FA 20mm  10mm  (<4mm) Fs Fiso

Mix designation  w/b  (kgm™) (kgm™) (kem™) (kem™) Ggm®  (kgm™) Plm™) (Mpa)  (Mpa)
PC 035 378 — — 787 393 787 515 79 88
065 263 — — 790 395 790 — 39 46

GGBS 035 245 132 — 784 392 784 513 81 89
065 171 92 — 788 394 788 — 35 45

FA 035 242 - 130 773 386 773 5.06 65 81
065 169 - 91 780 390 780 s % 38

wib = water/{(cement + SCM) ratio, P], plasticizer.

Table 4. Oxide analysis of cementitious materials.

% by weight PC FA GGBS
Si0, 20.68 51.0 3433
AlLO3 4383 274 12.60
Fe;03 3.17 4.6 0.60
Ca0 63.95 34 41.64
MgO 2.53 14 831
TiO; + 16 "
P05 + 03 +
S0; 2.80 07 +
K,0 0.54 1.0 047
Na,0 0.08 02 0.25

+ = not determined.

measured impedance comprised both the in-phase (resistive)
component and the quadrature (reactive) component. After
removal from the curing tank, the concrete cube was wiped
with an absorbent towel and allowed to surface-dry before
testing (to negate any possible surface conduction effects)
with testing undertaken in a laboratory at a temperature of
2 1°C

Figure 1(a) presents a schematic of the two-electrode
testing arrangement. In this figure, external stainless steel (s/s)
plate-electrodes were placed against opposite faces of the con-
crete cube (i.e. the faces cast against the steel mould). Intimate
contact between the electrodes and concrete was obtained by
means of 0.15 x 0.15m® synthetic sponges, each 0.002m
thick, saturated with a contact solution. Leads from the cur-
rent (Juput) and potential (Vyen) connections on the FRA were
coupled at one of the electrodes and the current (fypy) and
potential (Vi) connections coupled at the other electrode.
Open- and short-circuit residual lead impedances were auto-
matically nulled from the measurements at every spot fre-
quency using the FRA’s on-board lead-correction facility. The
overall testing arrangement is displayed in figure 1(b) with a
mass of 2kg placed on the upper electrode to ensure uniform
contact and giving a contact pressure of approximately 1kPa.
Regarding the contact solution noted above, three were used
in the current experimental programme with separate sets of
sponges were used for each saturating liquid:

(a) mains tap-water;

(b} a saturated solution of calcium hydroxide [28] (as cal-
cium hydroxide is released during the hydration of the
silicate phases within the cement clinker); and

(c) a simulated cement pore solution comprising 0.1 molar
sodium hydroxide and 0.3 molar potassium hydroxide
[29, 30] (as the alkali-oxides—Na,O and K,O—within
the cement clinker are highly soluble).

The impedance response of the sponges placed between
the electrodes, loaded as above, was measured separately at
the end of each test. In addition to two-electrode measure-
ments, a four-electrode testing configuration was also used, as
shown schematically in figure 2(a). In this setup, the external
s/s plate-electrodes served as the current {output/input) elec-
trodes and the embedded s/s rods acted as the potential (high/
low) electrodes. Figure 2(b) displays the testing arrange-
ment with the plates placed on the faces perpendicular to
the embedded pin-electrodes. In this figure, the spacing s =
0.075m.

In connection with bulk resistivity measurements on con-
crete, it is generally accepted that electrodes should be spaced
apart at least 1.5 times the maximum aggregate size [31] to
obtain values representative of the bulk material. The max-
imum aggregate size used in the experimental programme was
20mm, hence electrode spacings should be >30mm which is
the case for both the external plate-electrodes and the internal
pin-electrodes.

3. Test results and discussion

3.1, Two-electrode measurements

Prefiminaries. 1t has been shown that the impedance of a
cementitious material, Z*() (in ohms, Q), can be represented
in complex format through the relationship [32]

Z¥w) = Z{w) - i2'(w), 88}

where @ is the angular frequency (= 2af where f is the fre-
quency of the applied field in hertz), Z'(w) is the real or resis-
tive component, Z"(@) is the imaginary or reactive component
andi= \/: . Two presentation formalisms are used.

(i) Nyquist format i.e. —iZ"{w) versus Z'(w), which is the
polar plot.

(ii) Bode format. This plot highlights the frequency domain
behaviour of both the impedance, [Z*(w)], and phase
angle, 8 (= tan™Z"(w)/Z (w)). A phase angle 8 = —90°
would represent purely capacitive behaviour whereas
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Figure 1. (a) Schematic of testing arrangement for two-point ac end-to-end measurements; and (b) laboratory setup.

@

(b)

Figure 2. (a) Schematic of testing arrangement for four-point measurements; and (b) laboratory setup.

a phase angle & = 0° would represent purely resistive
behaviour.

Regarding the Nyquist formalism in (i) above, if the system
can be electrically modelled as a resistor in parallel with a
pure capacitor whose capacitance (in Farads) is constant
with increasing frequency, the polar plot will take the form
of a semicircle. Figure 3(a) displays the plot for a resistor/
capacitor combination with R = 1.0kQ and C = 10-°F, which
produces a semicircle whose centre is located on the real
axis. Frequency increases from right to left across the plot.
However, for porous media such as cementitious materials
(see, for example, [32-36]), the plot takes the form of a cir-
cular arc whose centre is depressed below thereal (Z'()) axis.
This is due to relaxation of polarization processes within the
system and results in dielectric dispersion, i.e. the decrease
in the capacitance with increasing frequency. To account for

this phenomenon, the capacitive reactance is replaced by
a pseudo-capacitance or constant-phase element (CPE) to
account for the dispersive behaviour of the medium. The CPE
is a complex, frequency-dependent parameter defined by the
relationship

Zeppl) =

Caioy” e
wherei= »/j , Cy 1s a coefficient and the exponent, p, has a
value such that 0 < p < 1; if p equals 1, then the equation is
identical to the reactive component of a pure capacitor of value
Co with units in farads (F). When a CPE with value of p < 1
is placed in parallel with a resistor, a circular arc is produced
with its centre depressed below the real axis with C, having
units Fs*L. Figure 3(a) also presents the Nyquist plot for a
CPE (Cy =107 Fs™2 and p = 0.8) in parallel with a resistor
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Figure 3. (a) Influence of the constant phase element (CPE) on the
Nyquist plot—the solid line is the Nyquist plot for a pure capacitor
(C=10"'"F) in parallel with a resistor (R = 1.0kQ and the dashed
line is a CPE (C = 10"°Fs™"% and p = 0.8) in parallel with a
resistor (R = 1.0kQ) (b) schematic diagram of Nyquist plot for a
saturated porous material showing arc depression angle, «, phase
angle, 6, and impedance, Z*(a).

R = 1.0kQ which now results a circular arc with its centre
below the real axis. With reference to the schematic diagram
in figure 3(b), the depression angle, « (in degrees) of the circle
centre (0) isrelated to the exponent, p, in equation (2) through
the relationship

a=(1-p)0-. 3)

General observations and impedance modelling. Figure
4 presents the Nyquist plots with only the sponges placed
between the electrodes, saturated with the three different lig-
uids: water, calcium hydroxide and simulated pore solution.
This figure indicates an almost linear decrease with increasing
frequency and would represent part of a much larger arc asso-
ciated with polarization phenomena at the electrode-sponge
interface; the full extent of this arc would only become evi-
dent at frequencies considerably lower than the current work,
i.e. <1Hz. Regarding figure 4, the plots converge on the real
axis as the frequency increases and, in all cases, at a frequency
of approximately 40kHz touches the real axis; this point gives
the bulk resistance of the sponges. Some residual lead induc-
tive effects are evident in this figure as the reactance turns

positive at frequencies in excess of 40kHz. Regarding the
sponge resistance at 40kHz, these value are 7.9Q, 2.8Q and
0.75Q for, respectively, the sponges saturated with water, cal-
cium hydroxide and simulated pore solution.

Figures 5-7 display the impedance response for the con-
crete mixes in table 3 using the testing arrangement presented
in figure 1(a), with the simulated pore solution used as the
sponge-saturating liquid. Note that for reasons of clarity, only
every third data marker has been highlighted on these plots,
although the curves have been drawn through all data points.
The Nyquist plots in these figures represent the mean values
for the three notionally identical specimens with salient fre-
quencies indicated. On the Bode plots, error bars have been
included to highlight the frequency-dependent variation in
measurements between the replicate specimens, with the error
bars representing + one standard deviation. Where error bars
appear to be absent, the data markers are larger than the error
bars. A feature evident from the Bode plots indicates that the
scafter in the measurements from notionally identical speci-
mens reduces with increasing frequency.

Generally, each response has a single dominant circular arc
(denoted arc-1) similar to the schematic shown in figure 3(b);
however, the frequency range over which this arc dominates,
the frequency at which it maximizes, the arc diameter and the
depression angle {a) are all dependent on the concrete mix
proportions. On closer examination, a second small, flat arc
(denoted arc-2) is evident at the low-frequency end of the
Nyquist plots (right-hand side) presented in figures 5-7. In
some instances, a small spur is also present of the right-hand
side of the plot—see, for example, figure 5{a). In terms of
representing the response as an electrical circuit, this is pre-
sented in figure 8 and comprises four series-connected, par-
allel circuit elements (the bulk resistance of the sponges has
been omitted from this model as their resistance is negligible
in comparison to the impedance of the system):

(i) a resistor R; which represents the projected intercept of
the high-frequency end of arc-1 with the real axis. This
would assume that there is finite resistance at infinite
frequency which is clearly not tenable and would imply
that a further high frequency arc exists i.e. there would be
a constant-phase element (CPE) in parallel with R; as the
plot must eventually go through the origin. However, as
the upper limit of the current investigation was 10MHz
and no data were recorded at frequencies >10MHz, the
circuit has simply been left as a single, shunted, resistive
element;

(ii) a parallel combination of resistor, R, and constant-phase
element, CPE, for both arc-1 (R, and CPE;) and arc-2 (R,
and CPEy);

(iii) the small spur at the low-frequency end of the response
would represent part of a much larger arc which would
only become evident at frequencies <1 Hz. For complete-
ness, this is also represented by a parallel combination of
resistor (R3) and constant phase element (CPE;) although
it is not present in some of the concrete mixes.

In attempting to offer a phenomenological interpretation
for the circuit, consider again the testing arrangement in
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Figure 5. (a) Nyquist and (b) Bode plots for PC concrete mixes {error bars are presented on Bode plot and represent + one standard

deviation).

figure 1(a). There are two interfaces present in this arrange-
ment: the electrode—sponge interface and the sponge-con-
crete interface. If each interface can be electrically modelled
as a parallel combination of resistor and CPE, then R3-CPE;
(exponent p3) would account for the response from the elec-
trode-sponge interface; R,—CPE, {exponent p,) the response
from the sponge—specimen interface; and R;—CPE; (exponent
p1) and Ry the bulk response from the concrete specimen.
Consider, for example, the Nyquist plots for the PC mix (w/b
= 0.65) and the GGBS mix (w/b = 0.35) presented in figures 5
and 6 respectively; using the parameter values for the circuit
elements presented in table 5, the simulated Nyquist responses
(in ZView, Scribner Associates, Inc.) over the frequency range

1 Hz-10MHz are presented in figures 9(a) and {b). For rea-
sons of clarity, data markers have been removed from both the
measured and simulated plots. The simulated circuit and the
measured data show good agreement indicating that the model
is a good electrical representation of the system. Regarding
the GGBS concrete (figure 9(b)), as this mix did not display a
spur in the low-frequency region circuit element, R3-CPEjs is
not included in the model simulation.

The following general features are evident from figures 5-7:

{a) an increase in the w/b ratio results in a decrease in the
bulk impedance of the specimen causing a decrease
in the diameter of the dominant (bulk) arc (i.e. circuit
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Table 5. Circuit simulation parameters for PC and GGBS concrete mixes.
CPE; (Gy) CPE, (Cy) CPE; (Gy)
Mix R(Q) Ri(Q (F¥'Y p R(Q FF 2] R(Q (Fs P
PC (wib =0.65) 129 348 1929x107° 096 114 1160x 107 0314 5x100 377x10° 0768
GGBS (wib=035) 449 4148 1.072x10° 080 1333 2729x10° 0429 + + +

+ = not determined.

element R—CPE; ). R, together with Ry, would represent
the resistance associated with the continuous capillary
porosity within the concrete i.e. the percolated porosity;

{b) concretes containing SCMs have an increased imped-
ance in comparison to the equivalent PC mix. Although
concretes containing GGBS and FA may not necessarily
be of lower total porosity than the PC concretes, it is of
a much more disconnected and tortuous nature [37, 38].
This feature is reflected in the increased impedance of
these mixes;

(c) the frequency at which the R-CPE; arc maximizes falls
within the range 150kHz-5MHz and is binder-specific,
with the maximum frequency increasing in the sequence
FA concretes, GGBS concretes, and PC concretes; and

(d) the exponent, p, for the circuit element CPE; falls within
a relatively narrow range for each concrete and is binder
specific: 0.92-0.96 for the PC concretes; 0.80-0.82 for
the GGBS concretes, and, 0.74-0.75 for the FA concretes.
From equation (3) above, this implies that the arc depres-
sion angle, «, for the R;—-CPE; circuit element increases
as the impedance of the concrete increases.

Sponge-saturating fiquid. In order to confirm whether circuit
elements R—CPE, and R:—CPE; are, indeed, artefacts of the
concrete/electrode contacting medium, figures 10-12 present
the Nyquist and Bode plots for the concrete mixes (w/b = 0.65
only) with the contacting sponges saturated with tap water,
calcium hydroxide and simulated pore solution. These fig-
ures clearly highlight the influence of the saturating liquid on
the impedance response. As previously noted, for sponges sat-
urated with the simulated pore solution, this manifests itself as
a small, flat arc at the low-frequency side of the Nyquist plot,
but as the impedance of the sponges increases (see figure 4),
it can be seen that this flat arc develops into a well-defined,
low-frequency circular arc. The Bode plots show more clearly
the influence of the sponge-saturating liquid on the measured
impedance, |Z*(w), and phase angle, #, as the impedance
curves, and phase-angle curves, tend to merge in the fre-
quency range 5-10kHz. At frequencies in excess of approxi-
mately SkHz, the circuit model for the system would then be
represented by R;—CPE, and Ry in figure 8. It is also evident
that as the impedance of the concrete specimen increases, the
influence of the sponge-saturating liquid diminishes.
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Figure 8. Proposed circuit model for electrode-sponge—specimen
testing configuration.

This clearly has implications in the development of
standard testing procedures for concrete resistivity measure-
ments, particularly using ac in the low-frequency range 50-
100Hz. For example, consider the PC (w/b = 0.65) concrete
in figure 10; using water-saturated sponges, the measured
resistance (real component), R, at 100 Hz is 804 Q, whereas at
10kHz the resistance is 593 Q. The resistance of the sponges
measured separately, denoted Ry, is 9.4 Q at 100Hz and 8.1Q
at 10kHz. Using the method presented in [13,16], these values
could then be used to evaluate the bulk resistivity of the con-
crete cube (g,.) using the two-point method presented in
figure 1(a) as,

A
Peube = Z(R - Rgy), (C]

where A is the cross-sectional area through which the cur-
rent flows (0.15 X 0.15m?) and L is the spacing between the
electrode plates (0.15 m). This obtains a resistivity of 119Qm
at 100Hz and 88Qm at 10kHz. With reference to table 2,

this would move the concrete from one classification into
another based solely on the test frequency and sponge-satu-
rating liquid. Both these parameters need to be standardized
to provide a consistent measurement procedure/protocol. This
leaves the question: how is the true bulk resistance (hence
resistivity/conductivity) of the specimen obtained using a
two-point (end-to-end) measurement technique? This is fur-
ther explored in the next section.

Four-electrode measurements. The model presented in fig-
ure 8(a) would suggest that the bulk resistance of the concrete
can be obtained at the intercept of the low-frequency end of
arc R—CPE; with the real axis (i.e., the value R + R;). In
the two-electrode technique, the potential drop is measured
between the external plate electrodes and includes the spu-
rious effects the sponges have on the measured impedance.
By separating the current electrodes and potential electrodes
as presented in figure 2(a), such effects are, theoretically,
eliminated. Ideally, in the four-electrode method the potential
electrodes should be moved out of the current field to ensure
that no current is drawn to the sensing electrodes [39, 40].
It was decided, however, to use embedded voltage-sensing
pin-electrodes as the FRA’s input impedance—1.0MQ over
the frequency range 1Hz-10kHz, then decreasing to 45kQ
at 10MHz [41]—is considerably larger than the impedance
being measured, which will ensure that negligible current is
drawn through the sensing electrodes.

By way of illustration, using the testing arrangement
in figure 2(a), figure 13{a) presents the Bode plots for
the PC concrete (w/b = 0.65) and figure 13(b) that for the
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GGBS concrete (w/b = 0.35) with simulated pore solution electrode/sponge effect absent, the elements R,~CPE, and

used to saturate the contact

sponges (as before, for clarity, R;-CPE; (see figure 8(a)) are, effectively, removed and

only every third data point has been highlighted). With the  the impedance and phase angle remain virtually constant
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Figure 13. Bode plots obtained using the four-point testing arrangement presented in figure 2 for (a) PC concrete (w/b = 0.65) and (b)

GGBS concrete (w/b =0.35).

over the frequency range 1Hz-10kHz. As the phase angle
is ~0°, this implies that the concrete is displaying purely
resistive behaviour and Z*{(w) ~ Z'(w). Consider now the
resistance of the concrete specimens at 1kHz (which lies
near the logarithmic centre of this frequency range); from
figure 13, this obtains values of 272Q for the PC mix and
2219 Q for the GGBS mix. As the current flow-lines through
the sample are parallel, the resistivity of the concrete, g4,
(in Qmy}, can be evaluated,

A

Foone = ER ’

&)
where R is the measured resistance (real component) for this
testing configuration, 4 is the spacing of the embedded poten-
tial electrodes (0.075m) and A is the cross-sectional area
through which the current flows (0.15 x 0.15m?). This gives
a resistivity for the concretes of 81.6Qm for the PC mix and
666 Qm for the GGBS mix. These values can now be used to
compute the bulk resistance of the concrete cube (Reype) using
the two-point method,

Ree =

L
choncv (6)

where A is defined above and L is the spacing between the
electrode plates (0.15m); hence Reype = 544 Q for the PC mix
and 4440Q for the GGBS. These represent the real compo-
nent of the impedance, Z'(w), which are now located on the
Nyquist plots presented in figures 5{a) and 6(a) and indicated
by an arrow on the real axis. This procedure was repeated for

all the concrete mixes in table 3 and indicated accordingly on
the Nyquist plot associated with each mix in figures 5-7. Tt is
apparent that the true resistance of the cube can generally be
located at the cusp point between the sponge/specimen inter-
face arc (R,~CPE, on figure 8(a)) and the bulk concrete arc
{R,—CPE; on figure 8(a)).

In terms of standardizing testing procedures using a single
frequency, end-to-end (two-point) resistance measurement,
the work detailed above would indicate that the test frequency
should lie in the range 5-10kHz together with a highly con-
ductive sponge-saturating liquid.

4. Conclusions

Impedance spectroscopy was used to obtain the electrical
properties of concrete over the frequency range 1 Hz-10MHz.
Concretes used in the test programme comprised PC concretes
and concretes containing either GGBS or FA as a partial
replacement. Measurements were presented in both Nyquist
and Bode formats which gave a detailed picture of the elec-
trical response of the electrode—concrete system with syn-
thetic sponges used to form an electrical contacting medium
between the electrode and concrete specimen. The following
general conclusions can be drawn:

(i) an equivalent electrical model for the system was pre-
sented which comprised series-connected parallel circuit
elements to represent the concrete specimen, the sponge/
specimen interface and the sponge/electrode interface.
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The parallel circuit elements consisted of a resistor, R,
and constant phase element (CPE), with the CPE being
introduced to take account of the dispersion in capaci-
tance with frequency;

(ii) it was observed that using saturated sponges as an elec-
trode/specimen contacting medium infroduced a spurious
circuit element represented by the sponge/specimen
interface. Additionally, the sponge-saturating liquid had
a significant influence on the impedance response of the
electrode-sponge—specimen system; as the impedance
of the saturating liquid increased a well-defined, low-
frequency arc developed in the Nyquist plot. However, as
the frequency of the applied field increased, the influence
of the electrode/sponge and sponge/specimen interfaces
decreased;

(iii) the electrical impedance of the concrete mixes was
strongly related to the w/b ratio and the type of cemen-
titious binder. Increasing the w/b ratio resulted in a
decrease in the overall impedance of the system whereas
the addition of GGBS and FA increased the impedance
of the system. Additionally, using the Nyquist formalism,
several interdependent parameters of the arc associ-
ated with the bulk concrete response (circuit element
R;-CPE;) were identified—the arc depression angle, o,
and the frequency at which the arc R;—-CPE; maximized;
both these parameters tended to be more influenced by
binder-type and less by w/b ratio.

(iv) Four-point impedance measurements were presented
which indicated that the specimens displayed purely
resistive behaviour (phase angle ~ 0°) over the frequency
range 1 Hz-10kHz. These measurements allowed evalua-
tion of the bulk resistivity of the concrete. The resistance
{real component) of the cube calculated from four-point
resistivity measurements was located on the Nyquist plot
and occurred at the low-frequency side of the circuit ele-
ment representing the bulk response (R;—CPE; ).

Regarding the testing procedure for two-point, end-to-end
resistivity measurements, the work presented would suggest
that using an ac frequency in the range SkHz-10kHz with
a low-resistivity liquid used to saturate the sponges would
result in a more accurate assessment in concrete resistivity/
conductivity. This is particularly important for low-resistivity
concrete mixes, bearing in mind that the experimental pro-
gramme was undertaken on mature concrete samples, as
hydration and the pozzolanic reaction would be negligible
and measurements would reflect the differences in the fully
developed pore structure. During the early stages of hydra-
tion, young concretes would display considerably lower
impedance values and hence the sponge-contacting medium
would have a much greater influence on the two-point meas-
urement with consequent greater error if a standard proce-
dure is not developed.
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